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1 Introduction  
 
The standard NMR analytical methods usually implicate the exploitation of large 
magnets producing homogeneous static fields over the sample volume. Over the last 
few years low field NMR techniques became more and more crucial because of the 
large number of applications. Successful applications include NMR logging  and 
geophysical studies [Klei], agricultural purposes [Roll] and medical diagnosis [Fuk], or 
materials testing with portable NMR surface scanners [Eid], where the sample is 
situated outside the magnets. The practical advantages of this in situ analysis, such 
as no limitation of the sample size and a non-destructive treatment, are gained at the 
expense of working in grossly inhomogeneous magnetic fields. In stray-field NMR the 
sample is intentionally placed in a site where the static magnetic field is very 
inhomogeneous [McDo]. Using surface coils in NMR Imaging implicates highly non-
uniform rf magnetic fields at the sample. Not less significant are the applications of 
NQR on polycrystalline materials used in the detection of explosives and narcotics 
[Rud]. In this case, only the component of the rf field along the relevant axis of the 
electric field gradient tensor is effective, so that the effective rf field varies from 
crystallite to crystallite. 
The NMR-MOUSE® is able to monitor transverse relaxation rates in soft matter, 
and consequently material properties, which are influenced by molecular motions 
modulating dipolar couplings [Blü]. It consists of two permanent magnets with anti-
parallel magnetization producing the B0 field. The radiofrequency (rf) field is created by 
a surface coil mounted in between the magnets. The sensitive volume is restricted to 
regions near the surface of the examined object [Bal]. The given inhomogeneities of 
B0 and B1 require assessment of the spin system response to the well-known or newly 
introduced pulse sequences. 
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The aim of this work is the implementation of new methods for the NMR-
MOUSE® to get more understanding about working in strongly inhomogeneous 
magnetic fields and simultaneously to enlarge its sphere of applications. This is 
possible either by employing methods established in high field NMR and transforming 
these for the special conditions of the mobile sensor or by introduction of brand-new 
methods which are in fact specifically designed for inhomogeneous fields. The final 
objective then is the correlation of the information obtained with structural and 
viscoelastic properties of matter. Elastomers are complex macromolecular systems 
with distributions of correlation times of molecular motions. Based on a cross-linked 
polymer the properties are determined by many parameters like the monomer unities, 
cross-linking agents, the presence and homogeneity of the fillers.  
The present work is organized as follows: after a brief theoretical general 
introduction chapters follow which contain four different topics of this work. Every one 
is treated as an individual theme, with a theoretical, and an experimental part: 
1. The first methodical part of this work is the possibility to obtain wideline NMR 
spectra with the aid of the NMR-MOUSE®. This is studied on fluorinated 
elastomers using a train of Hahn echoes, to which the system response is 
encoded by dipolar couplings. 
2. A separate question is the feasibility of detecting double-quantum coherences 
on a cross-linked elastomer sample in the hazardous magnetic fields of the 
NMR-MOUSE®. After developing suitable pulse sequences and detecting a DQ 
build-up curve for the first time in inhomogeneous magnetic fields, a new 
method based on DQ decay curves is developed. The challenge is DQ 
measurements by the NMR-MOUSE® with improved signal-to-noise ratio. The 
next step is then to confirm the effect of cross-link density, local strain 
anisotropy in stretched elastomers on the residual dipolar couplings with the aid 
of these methods. Behind all this is the concept to establish a new sphere of 
applications of the NMR-MOUSE®. Multipolar spin states like dipolar order and 
dipolar encoded longitudinal magnetization, and their detection and application 
in inhomogeneous magnetic fields are also introduced in this connection. 
3. The segmental order in elastomers is investigated by an alternative method, 
based on determining the residual van Vleck moments for a dipolar network in 
elastomers, also via residual dipolar couplings. This new method includes the 
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detection of magic and mixed echoes for the first time by the NMR-MOUSE®, 
the development the theory to describe the spin system response by using the 
accordion magic sandwich, and the implementation of these methods in 
practice for cross-linked elastomers. 
4. Measuring spin-lattice relaxation times in the rotating frame with the possibility 
to characterize slow molecular motions in elastomers is as well a goal of this 
work.  
Developing new methods and adapting pulse sequences, which are established in 
high field NMR for the special case of the NMR-MOUSE® demands a permanent 
comparison with similar results in homogeneous, high magnetic fields. In the present 
report efforts are being made to accomplish this requirement by comparison of the 
data with the literature results and to mimic the measurements under comparable 
conditions in high magnetic fields.  
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2 NMR Basics 
A large number of NMR experiments, (for instance, those involving two-dimensional 
techniques) cannot be described adequately using the classical vector model. The 
density matrix formalism is the only one with universal applicability. It provides a 
complete description of the spin system, once its energy levels are fully known 
(determination of the eigenvalues of the Hamiltonian). We are interested in the time 
evolution of the density matrix to describe spin system response to various pulse 
sequences.  
Nuclei with spin quantum number I > 0 have a magnetic moment µ, which orients in a 
static magnetic field B0 in discrete positions with respect to the main field. This 
interaction causes the splitting of energy levels. The energy levels Em are the 
eigenvalues of the Zeeman Hamilton operator and are given by 
0mBEm γ−= .     [2.1] 
Here m is the magnetic quantum number, which assumes the values ImI +≤≤− . 
The energy difference ∆E between neighbouring energy levels determines the NMR 
frequency 00 2πνω = , 
001 ωγ  =−=−=∆ − BEEE mm     [2.2] 
The evolution in time of the wave function of the spin system towards equilibrium is 
described by the Schrödinger equation: 
( ) ( ) ( )tΨ ttΨ
t
 H=
∂
∂i ,    [2.3] 
where H is the Hamilton operator. The wave function ( )tΨ  can be expressed as a 
superposition of the eigenfunctions m  of the Zeeman Hamilton operator: 
=
m
m mtaΨ )( ,     [2.4] 
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with the expansion coefficients am. At this point we can introduce the density matrix ρ 
with its elements )()( tata nmmn
∗
=ρ . It can be shown that this matrix is Hermitean and 
normalized ( ∗= nmmn ρρ  and { } 1=ρTr ). The equation of motion of the density matrix, 
known as the von Neumann equation, derives from the Schrödinger equation: 
[ ]ρHρ ,i =
∂
∂
t
      [2.5] 
The formal solution of this equation for the density matrix at time t is given by the unitary 
transformation 
),()(),()( 000 tttttt
1UρUρ −= ,     [2.6] 
where { }tit HU −= exp)(  is the time evolution operator. In the case where the 
Hamiltonian is time-independent (i.e. for the Zeeman interaction of the spins with the 
static magnetic field), the simplified form of the evolution operator applies 
{ }tit HU −= exp)( .     [2.7] 
Otherwise, we have to take in account the Dyson time ordering operator T, which 
orders products of time-dependent operators from right to left with increasing time: 






′′−=  tdtit
t
)(exp)(
0
HTU .    [2.8] 
For short evolution times we can consider the nuclear spins in a good approximation 
as isolated from the thermal bath. For longer times we have to introduce a relaxation 
operator, which describes the effects of the lattice on each density-matrix element 
[Ernst]. 
 
 
 
2.1 Anisotropic Nuclear Spin Interactions 
The effective Hamiltonian active in NMR experiments is composed of several 
components, which describe the diversity of the magnetic and electric interactions 
contributing to the splitting of the energy levels of the nuclear spin states. 
JDrfQZ HHHHHHH +++++= σ .   [2.9] 
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   Table 2.1 Spin Interactions and Hamiltonians fir 1H at 7.4 T [Blü]. 
Interaction Hamilton 
Operator 
Size of the 
interaction 
Linear 
Zeeman 
 
0B⋅−= ZZ IH γ  
 
~300 MHz 
rf (t)B1⋅−= xrf IH γ  ~100 kHz 
Chemical Shift 0B⋅⋅−= σγσ IH   ~1 kHz 
Gradient rGIHG ⋅⋅−= γ)(t  ~100 kHz 
Bilinear 
Dipole-dipole coupling 
 
l
lk
lkk IDIHD ⋅⋅=
<
,  
 
~50 kHz 
J-Coupling 
l
lk
lkk IJIHJ ⋅⋅=
<
,  ~10Hz 
 
 
The Zeeman interaction 
As can be recognized from Table 2.1, the Zeeman interaction is for nuclei with spin I = 
1/2 the strongest one in NMR. The energy level splitting resulting from HZ, defines the 
NMR frequency ω0 by [2.2]. The other interactions in Table 2.1 are in high-field-NMR 
at least three orders of magnitude smaller than Zeeman interaction and can often be 
treated as a perturbation. 
 
The quadrupole interaction 
The quadrupole interaction is only present for nuclei with I > ½, having a non-spherical 
distribution of their electrical charge. These nuclei exhibit an electric quadrupole 
momentum that couples with the electric field gradient from the electrons surrounding 
the nucleus [Blü]. This interaction is not mentioned in Table 2.1 because the nuclei 
studied in this work are only non-quadrupolar nuclei.  
 
The interaction with the applied radio-frequency field 
The Hamiltonian of the interaction with the rf field has the same form as the Zeeman 
interaction (cf. Tab. 2.1). The difference is that only the x-component of the spin 
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angular momentum operator I defines the interaction energy, when the B1field is 
applied along the x-axis of the laboratory coordinate frame. In order to obtain a size of 
Hrf, which dominates all the other interactions leading to a broadening of the spectrum, 
we have to apply a strong B1 field. The length and amplitude of the rf pulses determine 
the angle of the tilted z-magnetisation in the rotating reference frame. 
 
Magnetic Shielding 
The nuclei feel a magnetic field different from the outer B0 field. This is because of the 
shielding effect of the surrounding electrons. The resultant local field is given by: 
( ) 0BB σ1−= ,      [2.10] 
where σ is the shielding tensor. The equation for Hσ in Table 2.1 shows, that the 
shielding is dependent on the strength of the magnetic field B0. This shielding is 
specific of a particular electronic environment and thus of a certain chemical structure. 
 
Dipole-dipole interaction 
One of the most important interactions is that of a spin with the dipolar field produced 
by other spins. The dipolar Hamiltonian HD (cf. Table 2.1) describes the coupling 
between a spin and its surrounding partners, where Ik and Il are the spin vector 
operators of the coupling spins. The general dipolar Hamiltonian for N spins becomes  
( )[ ] ( )[ ]

< 







−
−⋅⋅−⋅
−
−
⋅
=
lk k
klkk
k
lk
5
l
ll
3
l rr
rrrr3
rr4
IIIIH lk0D γγπ
µ  ,   [2.11] 
where (rk-rl) represents the dipole-dipole distance vector between the nuclei k and l, 
and │rk-rl│ its length. If the polar angle is described by θkl, the truncated form of the 
dipolar Hamiltonian becomes [Kimm]: 
( ) ( )
<
−⋅
−
−
=
lk
lklzkz
kl
k
trunc IIIIH lk0D 32
1cos3
4
2
3
θγγ
π
µ
lrr

.  [2.12] 
In heteronuclear spin systems of rare abundance further simplifications can be done due to the 
weak couplings: 
( ) lzkzkl
k
IS IIH lk0D ⋅−
−
= 1cos3
rr4
2
3
l
θγγ
π
µ  .   [2.13] 
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The indirect coupling 
The direct dipolar couplings are averaged to zero in the case of fast isotropic motions. 
The remaining bilinear interaction in the liquid state NMR is the so-called J-coupling. It 
describes the indirect homo- or heteronuclear couplings mediated via the bonding 
electrons between the respective spins. Although it is the weakest interaction in NMR 
(1-10 Hz for protons), similar to the chemical shift the J-couplings are fingerprints of 
the chemical structure [Blü1]. This interaction is not longer considered in this work. An 
extensive description can be found in [Brau] and [Frie]. 
 
Magnetic field gradients and susceptibility 
The local B-field depends on the homogeneity of the main B0-field. Any local distortion 
of the magnetic field leads to magnetic field gradients. They are also present at the 
interface of heterogeneous materials as a result of differences in the magnetic 
susceptibility. 
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3  Measurements of residual dipolar 
couplings in elastomers containing 19F 
 
3.1 19F Detection by the NMR-MOUSE® 
19F NMR is increasingly being used because of its high sensitivity (83% of the 
sensitivity of protons) [Eva]. The high gyromagnetic ratio of 19F gives rise to strong 
dipolar interactions, which can be exploited to determine structural parameters. The 
dipolar interactions of 19F reach out much further into the distance compared to 13C. 
Furthermore, the broad chemical shift range of 19F (up to 400 ppm) provides very 
good chemical resolution, and usually no natural abundance background has to be 
considered in biological systems [Gra1]. The van der Waals radius of fluorine (1.4 Å) 
is very similar to that of hydrogen (1.2 Å), although electronegativity effects have to 
be considered. The strong dipolar interactions together with the chemical shift 
anisotropy often lead to broad lines in solids, which is a severe problem for the 
acquisition of high-resolution spectra. The heteronuclear (1H-19F) dipolar coupling 
can be suppressed by high-power 1H-decoupling. 19F high-resolution solid state 
experiments with heteronuclear 1H-decoupling have successfully been performed by 
Miller et al. [Mill]. Both the feasibility of suppressing the 19F chemical shift in static 
experiments on a high-field spectrometer and of resolving 19F-19F dipolar interactions 
even without heteronuclear 1H-decoupling was shown in the literature [Har]. The 
homonuclear 19F-19F dipolar coupling can be averaged by multipulse techniques or 
by high-speed MAS [Har]. 
In the case of the NMR-MOUSE® the possibility of detecting 19F nuclei is thus 
almost self-evident. This was done at 18.9 MHz with the NMR-MOUSE®, which works 
at 20.1 MHz for protons. The problem is, that because of the magnetic field 
inhomogeneities, it is difficult to detect selectively the 19F signal. By selecting a 
reduced volume of the sample one can be certain to detect the 19F nuclei without 1H 
signals from lower depths. The solution is to use a sample with the following size: 1.5 
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mm thick, 2 mm wide and 10 mm long, positioned on the coil along the x direction 
exactly in the middle of the gap in between the magnets. Figure 3.1 illustrates both 
the static and rf magnetic field distributions and the sensitive volume excited by the 
NMR-MOUSE® [Gut1]. By choosing the above mentioned sample geometry it is 
possible to reduce the frequency range of the excited nuclei and in this way to filter 
out the pure 19F NMR signal. 
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3.2 Experimental 
3.2.1 Samples 
 
The fluoroelastomer analyzed in this chapter is a product of the company Dyneon, 
with the commercial name AflasTM TFE. It consists of an alternating 
tetrafluoroethylene/propylene dipolymer (CF2-CF2-CH(CH3)-CH2-). Aflas TFE 
elastomers are used for wire and cable primary insulation and jacketing as well as for 
connectors, insulating boots and other applications because of its excellent electrical 
resistance properties combined with high temperature (250°C) and chemical 
resistance. 
The second fluoroelastomer, which was analysed is Fluorel (FC 2211), a copolymer 
of vinylidene fluoride and hexafluoropropylene (CH2-CF2-CF(CF3)-CF2-) from the 
company Dyneon, with a fluorine content of 66%.  
 
 
3.2.2 NMR measurements 
The 1H and 19F measurements were done at 20.1 MHz and 18.9 MHz, respectively. 
The recycling delay was 0.5 s, the pulse length 2.5 µs (10 dB attenuation), 400 scans 
were used for the Hahn echo measurements, and 2000 scans for the multipulse 
sequences. 
 
 
3.3 Dipolar couplings in fluorine containing elastomers 
3.3.1 Transverse relaxation measured with Hahn and solid echo  
The Hahn [Hahn] and solid echo [Mans] experiments start with the spins being in 
thermal equilibrium. The first pulse excites the spins coherently and generates 
appropriate single quantum spin coherences. In the next interval the coherences are 
dephased by distributions of the spin interactions. There are two ways of spin 
manipulation : a) changing the phases of the spin states by one or more rf pulses, so 
that coherences lagging behind are promoted and coherences advancing ahead are 
placed backwards, and b) reversing the sign of the Hamiltonian responsible for 
dephasing of the coherences, so that the coherences evolve backwards. After the 
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refocusing interval the spin echo arises and the spin coherences are reestablished. If 
the coherences are of the single quantum type, an echo signal can be acquired. 
On the time scale of the experiment, it is possible to refocus the linear spin 
interactions (chemical shift, field inhomogeneities). The refocusing efficiency 
depends on the flip angle of the refocusing pulse (Fig. 3.2). For a flip angle of the 
second rf pulse adjusted to 180° the initial coherences are fully refocused, for a 90° 
flip angle half of the initial transverse magnetization is recovered [Kimm]. The static 
dipolar couplings of two spins (bilinear spin interactions) are fully refocused by a 90° 
refocusing pulse (solid echo). In the case of a pulse flip angle of 180° the bilinear 
homonuclear dipolar couplings are not refocused and modulate the decay of the 
NMR signal (Hahn echo). The effective dipolar coupling as manifested in the 
linewidth of the spectrum gives a measure of molecular mobility. 
The amplitude of the Hahn echo as a function of the echo time (2τ) is used to 
measure the transverse relaxation T2: 
( )






−=
2
0
2exp2
T
Ma ττHahn      [3.1] 
The time constant which describe the decay of the solid echo amplitude is referred to 
as T2e. In the solid state T2e can be different from T2 and because of the refocusing of 
the dipolar interactions it is often longer than T2.  
In the case of the NMR-MOUSE® there is a distribution of flip angles. It is 
difficult to measure a pure Hahn or solid echo, so that the differences on the values 
of T2 resp. T2e for solid samples are not well defined. Nevertheless, it was shown 
using the NMR-MOUSE®, that for different cross-linked SBR elastomer samples the 
transverse relaxation time measured by Hahn and solid echoes have different values 
[Gut2]. 
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Fig. 3.2 a) Hahn echo experiment. It consists of a 90° preparation pulse and a 180° 
refocusing pulse separated by a time period τ. The Hahn echo arises after another 
waiting time τ. b) Solid echo pulse sequence. After a 90° preparation pulse another 
90° refocusing pulse follows out of phase related to the first pulse. The solid echo 
arises after a second time period τ. The 90° and 180° flip angles correspond to θ and 
2θ for the NMR-MOUSE® because of the flip angle distribution.  
 
We measured the transverse magnetization for two different fluoroelastomers, 
the Fluorel (vinylidene fluoride/hexafluoropropylene dipolymer CH2-CF2-CF(CF3)-
CF2-) and Aflas (tetrafluoroethylene/propylene dipolymer CF2-CF2-CH(CH3)-CH2-) 
by the NMR-MOUSE® at a Larmor frequency of 20.1 MHz for protons and 18.9 MHz 
for 19F. For both elastomers we obtained different values of T2 and T2e by 1H and 19F 
measurements (see Table 3.1). In the case of Aflas the decay of the transverse 
relaxation is very fast (30 µs) and thus the signal is highly distorted by the 
background signal of the NMR-MOUSE®. A partition of the background contribution 
to the signal was done by subtracting the echo amplitudes measured under the same 
conditions by the NMR-MOUSE® without any sample (Table 3.1). 
a) b)
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Fig. 3.3 19F Hahn and solid echo decays from Fluorel recorded with the NMR-
MOUSE® at 18.9 MHz by incrementing the echo time τ (see Fig. 3.2). 
 
 
Table 3.2 Transverse relaxation of fluoroelastomers recorded by the NMR-MOUSE® 
at the frequency of 20.1 MHz for 1H and 18.9 MHz for 19F using a Hahn echo and a 
solid echo pulse sequence (Fig. 3.2). 
 
Transverse relaxation Fluorel 19F Aflas 19F Aflas 1H 
T2 (Hahn decay) 0.06 ms 0.03 ms 0.03 ms 
T2e (solid decay) 0.08 ms 0.04 ms 0.04 ms 
 
The evolution of magnetization under the influence of homonuclear couplings 
is unaffected by the rf pulses generating the Hahn echo, while the phase evolution 
resulting from different chemical shifts, heteronuclear couplings, and magnetic field 
inhomogeneities is reversed [Blü]. Thus the echo amplitude is modulated by the 
homonuclear dipolar couplings. The Fourier transform of the decay of the echo 
maxima results in a narrow line with a width determined by the T2 relaxation.  
The pure dipolar spectrum of a rotating CH3-group consists of a triplet with 
relative intensities 1:2:1, like an axially symmetric, quadrupolar spectrum of a nucleus 
with spin 
2
3
=I  [Mos]. The positions of the outer lines depend on the angle between 
the C-CH3 axis and the static magnetic field direction according to the second 
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Legendre polynomial ( ) 2/1cos3 2 −θ , similar to the doublet arising from two coupled 
spins 
2
1
=I  [Gra1].  
The Aflas polymer sample contains two magnetically equivalent 19F nuclei, 
coupled by a strong dipolar interaction (CF2). The 19F-NMR Hahn echo powder 
spectrum may look like a Pake doublet. But it is dominated by magnetic field 
inhomogeneities in the case of the NMR-MOUSE® (Fig. 3.4) and the chemical shift 
anisotropy in highly homogeneous magnetic fields (see Fig. 3.5), and further 
broadened by multi-center homo- and heteronuclear dipolar couplings. The relatively 
strong 19F dipolar couplings between different functional groups (CF2) makes it 
difficult to detect the Pake doublet even in homogeneous high magnetic fields. The 
1H Hahn echo spectra are represented by a broad line and do not provide any 
information about the structure of the fluoropolymers. In all the spectra the maxima of 
the echoes were recorded and Fourier transformed. The spectra of the NMR-
MOUSE® were recorded after subtracting the background signal intensity. For 
strongly fluorinated systems the strong homonuclear dipolar coupling requires high-
speed MAS to resolve the fluorine lines according to their chemical shifts. 
Heteronuclear dipolar couplings between protons and fluorines also contribute to the 
linewidth in the proton dimension. 
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Fig. 3.4 The 1H (a) and 19F (b) Hahn echo NMR spectrum of Aflas TFE measured by 
the NMR-MOUSE at a Larmor frequency of 20.1 MHz and 18.9 MHz, respectively. 
The Fourier transformation of the maximum of the Hahn echo amplitude is recorded 
by incrementing the echo time τ (Fig. 3 2a) with an increment of 10 µs. 
 
a) b)
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Fig. 3.5 The 1H (a) and 19F (b) - NMR Hahn echo spectrum of Aflas TFE measured 
by a 1H frequency of 200 MHz (and for 19F 188.3 MHz) on a Bruker DSX-200 solid-
state spectrometer and 18.9 MHz resp. The Fourier transformation of the maximum 
of the Hahn echo amplitude was recorded by incrementing the echo time τ (see Fig. 
3 2a)1. 
 
 
3.4 Measurements of dipolar couplings in swollen 
elastomers 
Pake did the earliest NMR experiment for studying structure in the solid state by 
spectroscopy. The dipolar interaction of two protons of water molecules in gypsum 
shows a Pake doublet spectrum, where the frequency splitting is a direct 
determination of the distance between the protons [Pak]. More recently, it was 
shown, that using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [Carr, 
Meib] one obtains exactly the same information as from the FID that would occur if 
only the like spin interactions exist. Such a type of experiment have been used to 
obtain pure homonuclear dipolar 19F spectra of a CF3 group, by suppressing the 
chemical shift anisotropy, the heteronuclear dipolar couplings, and field 
inhomogeneities [Gra2]. A powder line shape was obtained with three peaks for the 
CF3 groups in a non-oriented sample, like for a quadrupolar spin with 2
3I = .  
In order to isolate the CF2- and CH3- groups by the solvent molecules, the Aflas 
fluoroelastomer was swollen in acetone-D6. We acquired the Hahn echo and 
multipulse CPMG spectra. These measurements were not possible with the NMR-
MOUSE® on the crude Aflas polymer because the relaxation time T2 was too short. 
The line width of the resonance narrows with increasing levels of swelling (lower 
                                                 
1 This measurement was performed by Dr. Marco Bertmer 
a) b)
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cross-linking levels) because of the increasing amplitude and frequency of chain 
motions in the same time. The interstitial domain geometry and the magnitude of the 
susceptibility differences between bulk solvent and swollen polymer domains are a 
function of swelling. In Figure 3.6a and 3.6b the 19F Hahn echo and CPMG spectra of 
the swollen Aflas fluoroelastomer acquired with the NMR-MOUSE® at 18.9 MHz are 
shown. The line narrowing is effectively identifiable compared to the unswollen 
polymer (Fig. 3.4a), but no splitting was observed. One reason for that could be the 
proton dipolar couplings. Another important reasons are the magnetic field 
inhomogeneities and the fact that the molecular motion of the CF2 groups is now 
faster, so that the homonuclear 19F-19F dipolar couplings are more averaged out. 
Swelling the elastomer is a good solution to facilitate the measurements by the NMR-
MOUSE®, but the direct consequence is that the detection of dipolar interactions 
becomes more complicated. On the other hand the difference in the magnetic 
susceptibility between the internal pores and the polymer bulk give rise to magnetic 
susceptibility artifacts. Possibly, they do not matter in the highly inhomogeneous 
fields of the MOUSE. The 1H spectra of the swollen fluoroelastomer in Figure 3.7 a 
and b lead to similar results, the dipolar couplings are not strong enough to be 
detectable by the NMR-MOUSE® in such circumstances. 
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Fig. 3.6 a) The 19F single-pulse Hahn echo NMR spectrum of Aflas TFE measured by 
the NMR-MOUSE® at 18.9 MHz. The Fourier transform of the maximum of the Hahn 
echo amplitude by incrementing the echo time τ (Fig. 3.2a) was recorded. b) The 19F 
multipulse CPMG NMR spectrum of Aflas TFE measured by the NMR-MOUSE® at 
18.9 MHz. The Fourier transformation of the maximum of the echo amplitude by 
incrementing the echo time τ is recorded. The measurements were done with a 
CPMG pulse sequence in analogy  to that in Figure 3.5, but with pulse phase y of the 
refocusing pulses. 
 
a) b)
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Fig. 3.7 a) The 1H single-pulse Hahn echo NMR spectrum of Aflas measured by the 
NMR-MOUSE® at 20.1 MHz. The Fourier transformation of the maximum of the Hahn 
echo amplitude by incrementing the echo time τ (Fig. 3 2a) is recorded. b) The 1H 
multipulse CPMG NMR spectrum of Aflas measured by the NMR-MOUSE® at 20.1 
MHz. The Fourier transformation of the maximum of the echo amplitude by 
incrementing the echo time τ is recorded. The measurements were done with a 
CPMG pulse sequence analogue those in the Figure 3.8, but with the pulse phase y 
of the refocusing pulse. 
 
Exact π pulses refocus interactions linear in the spin coordinate (chemical 
shift, heteronuclear spin dipole-dipole) but do not affect the (bilinear) like-spin dipole 
coupling. Incomplete refocusing due to pulse imperfections in the CPMG pulse 
sequence leads to the accumulation of errors. These errors give rise to a loss in echo 
amplitude, and can be compensated by phase cycling schemes [Liz]. We used in 
addition to the primary CPMG pulse sequence, the xy8 phase cycle with the cycle 
length ττ 16=c  (Fig. 3.8) and sampled the data in every window between successive 
π pulses to increase the spectral width. Figure 3.9 shows the 19F spectrum measured 
with the aid of the CPMG pulse sequence with an xy8 phase cycling by the NMR-
MOUSE®. The spectrum could not be resolved because of the appearance of 
artifacts. In the xy8 case, even though the errors in the echo amplitude do not 
accumulate like in the original CPMG sequence, they are repeated after every cycle. 
This leads to sidebands in the spectrum at frequencies 
cτ
1± , 
cτ
2± , etc. The 1H 
spectra presented in Figure 3.10 a and b confirm the presence of these artifacts, 
particularly in the spectrum of the natural rubber sample, where no resolved dipolar 
interactions are supposed to be observed. An appropriate phase cycle scheme and 
an adequate selection of τ was not helpful to get rid of the artifacts. It was already 
a) b)
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shown by simulations, that this pulse sequence does not work in inhomogenous 
magnetic fields [Bal].  
 
 
Fig. 3.8 The CPMG pulse sequence with an xy8 phase cycling used to extract the 
dipolar interaction. The 90° and 180° flip angle correspond θ and 2θ for the NMR-
MOUSE® because of the flip angle distribution.  
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Fig. 3.9 The 19F multipulse CPMG NMR spectrum with the xy8 phase cycle of Aflas 
TFE measured by the NMR-MOUSE® at 18.9 MHz. The Fourier transform of the 
maximum of the echo amplitude by incrementing the echo time τ (increment factor 
0.2 ms) was recorded.  
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Fig. 3.10 a) The 1H multipulse CPMG NMR spectrum with the xy8 phase cycle of 
Aflas TFE measured by the NMR-MOUSE® at 20.1 MHz. The Fourier transform of 
the maximum of the echo amplitude by incrementing the echo time τ (increment 
factor 0.2 ms) is recorded. b) The equivalent spectrum of a natural rubber sample. 
a) b)
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3.5 Conclusions 
The strong dipolar couplings present in 19F containing polymers are advantageous 
because they can be exploited to determine specific structural parameters. The main 
reason that 19F NMR has not yet found a more widespread application seems to be 
technical one: The need for high-power 1H decoupling at a frequency close to that of 
19F, together with a wide chemical shift range at high magnetic field strength, put 
demands on filtering, probe design and spectrometer hardware [Car]. Nevertheless, 
the feasibility of resolving 19F-19F dipolar interactions even without heteronuclear 1H 
decoupling and of suppressing the 19F chemical shift anisotropy in a static 
experiment was shown [Gra1]. In the low, inhomogeneous magnetic fields of the 
NMR-MOUSE® it would be more suitable to choose an oriented sample containing 
isolated spin pairs of 19F nuclei and no protons, like stretched elastomers or fibers. In 
this case the dipolar couplings are more pronounced but at the same time the T2 
times are very short and difficult to record with the NMR-MOUSE®. A new NMR-
MOUSE® with much shorter or without any background signal, or the possibility of 
proton decoupling would be a desirable improvement. 
  
 
 
 
4 Multipolar spin states 
 
4.1 Introduction 
In this chapter we investigate the possibility to excite multipolar spin states in strongly 
inhomogeneous fields using the NMR-MOUSE®. These multipolar spin states or spin 
modes correspond mainly to longitudinal magnetization (LM) or polarization, multiple-
quantum (MQ) NMR coherences and spin order [Bow1, Bow2] (and refs. therein). 
The dipolar and quadrupolar states are conveniently described, especially for the last 
case, by the irreducible tensor operators Tl,p of rank l and order p (see, for instance 
[Bow1]). For a dipolar coupled spin-1/2 pair or a quadrupolar nuclei with spin I=1, the 
irreducible tensor operators T1,0, T2,±2 and T2,0 correspond to longitudinal 
magnetization, double-quantum (DQ) coherences and dipolar order (DO), 
respectively. 
Why spin multipolar states? In pulsed NMR, it is advantageous to have a 
physical picture of the status of the nuclear ensemble, at any given instant of time. 
The tensor operators transform under rotations of the coordinate system, in the same 
manner as spherical harmonics [Hal]. This feature can be used therefore, to produce 
polar representations of nuclear ordered states. The dipole and quadrupolar states 
for nuclei with I = 1 are represented in Fig. 4.1. However these polar diagrams are 
not wave functions, but rather representations of the various multipolar states of the 
nuclear ensemble. To obtain equivalent diagrams in terms of magnetization vectors, 
we have to insert straight lines linking negative to positive lobes. In this way we 
obtain a graphical representation of the multipolar states, as shown in Fig. 4.2. From 
these diagrams it is now easy to imagine how a T2,2(a) nuclear state can be 
produced, starting from a T2,1(a) state: by applying a nonselective π/2 pulse about the 
x’ axis. In addition, we note that second rank T2,p(s,a) multipolar states can never 
generate conventional NMR signals because their net magnetization is equal to zero 
(for the detailed description of the irreducible, spherical tensor operators see for 
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example [Ernst]). The suffices (s) and (a) refer to the symmetric and antisymmetric 
combinations, respectively, of the 1T ±,1  tensor operators. 
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Fig. 4.11 Polar representations of the Tl,p(s,a) nuclear ordered states for I = 1 nuclear 
ensembles. 
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Fig. 4.12 Magnetic vector representations of the Tl,p(s,a) nuclear ordered states for I 
= 1 nuclear ensembles. 
4   Multipolar spin states 25
 
Recently, it was shown that for dipolar coupled spins the multipolar LM state is 
encoded by the dipolar interactions [Schn1]. A spin multipolar state, which is not 
present for quadrupolar nuclei is the zero-quantum coherence (ZQ). Nevertheless, for 
isolated spin-1/2 pairs with different chemical shifts the selective excitation of one 
resonance can convert DQ coherences into ZQ coherences [Karls]. For obvious 
reasons, in a strongly inhomogeneous magnetic field this procedure cannot be 
applied. In a dipolar multi-spin network the pulse sequences used for excitation of DQ 
coherences will also excite ZQ coherences and dipolar encoded LM. The response of 
the LM, ZQ and DO (dipolar order state) to the phase cycling of rf pulses is the same 
making the separation of these states difficult. Nevertheless, in general, the life times 
of DQ and ZQ coherences are very different from that of dipolar encoded LM and DO 
which is related to the spin-lattice relaxation times T1 and T1D, respectively. These 
features can be used together with other procedures for filtering these multipolar spin 
states. 
A new method is discussed theoretically and proved experimentally which 
allows for measuring DQ decay curves having as a starting point a maximum value of 
the excited DQ coherences. This procedure was also tested employing a solid-state 
superconducting NMR spectrometer using different pulse tilt angles, which partially 
mimics the field inhomogeneities present for the NMR-MOUSE®. This method leads 
to an improved accuracy in the measurements of the ratio of total residual dipolar 
couplings. The experiments were conducted on natural rubber samples with different 
cross-link densities showing the sensitivity of the DQ build-up and decay curves to 
cross-link density. The possibility to measure quantitatively the ratio of 1H total 
residual dipolar couplings from DQ decay curves recorded by the NMR -MOUSE® is 
also discussed. 
We have to mention that in strongly inhomogeneous fields the existence of a 
broad flip-angle distribution of rf pulses precludes the implementation of some 
filtration experiments. Fortunately, there are experiments, which work in the presence 
of strong field inhomogeneities. The Jeener-Broekaert experiment [Jeen] producing 
multipolar states of dipolar or quadrupolar order does not relay upon the flip-angle 
effect to suppress the unwanted signal components [Kemp1, Kemp2, Brow]. The 
required discrimination arises as a result of the nominal 900 pulse and the first 
nominal 450 pulse having orthogonal phases. This phase condition can be fulfilled for 
all the voxels in the sample in the presence of strongly inhomogeneous fields. 
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Moreover, the rf pulse phases are well defined over the sensitive volume and enable 
one to use well-established phase cycling procedures [Ernst, Mun] for filtering DQ 
coherences and dipolar encoded longitudinal magnetization. 
 
 
4.2 Theory 
4.2.1 Excitation of dipolar encoded LM and DQ coherences 
Multi-quantum coherences are off-diagonal elements of the density matrix, which 
arise in systems with spin 
2
1
>I  and in systems of coupled spins. The multi-quantum 
transitions are those, in which more than one spin flip simultaneously. For example in 
the case of double quantum coherences both spins flip in the same direction and for 
the zero-quantum transition they flip in opposite directions (for more details see 
[Blü]).  
The simplest method to excite and detect MQ coherences exploits a time 
reversal procedure like the nonselective three-pulse sequence [Ernst, Mun]  or its 
variant presented in Fig. 4.3. Here the durations of excitation and reconversion 
periods are equal and the efficiency in pumping MQ coherences is increasing in the 
initial excitation/reconversion time regime. A build-up curve is recorded in this case, 
for which a maximum is present as a result of the competitive effects of pumping MQ 
coherences and transverse relaxation of single-quantum coherences [Schn1]. 
We shall consider in the following the spin system response to the pulse 
sequence of Fig. 4.3b used for excitation of MQ coherences [Wies1]. The case of a 
rigid, magnetically equivalent, isolated two spin-1/2 system will be treated excited by 
radio-frequency pulses having well defined arbitrary flip angles. This will give us the 
possibility to investigate the multipolar spin states which can be excited by the NMR-
MOUSE®, i.e. in strongly inhomogeneous magnetic fields where a distribution of 
pulse flip angles exist. Nevertheless, the radio-frequency pulse phases are not 
distributed over the sample volume. They are the same for each voxel. 
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Fig. 4.13 (a) General scheme for filtering NMR signals according to dipolar encoded 
LM and MQ coherences. This scheme is similar to a two dimensional MQ experiment 
but it is used with fixed evolution time 1t  and variable, but equal, 
excitation/reconversion times τ . (b) A five-pulse sequence with an arbitrary pulse flip 
angle θ , supplemented by θ2  pulses to measure dipolar encoded LM and DQ 
filtered signals with variable excitation/reconversion times. The evolution time 1t  is 
kept short and constant and a θ2  pulse is applied at the middle of this interval for 
partially refocusing the DQ coherence evolution under inhomogeneous Hamiltonians. 
This pulse is applied in the middle of the t1 interval in alternative scans for dipolar 
encoded LM experiments. The z filter is represented by the last θ  pulse of the 
reconversion period and a free evolution period of duration 0τ . The detection in 
strongly inhomogeneous magnetic fields is achieved by a Hahn echo. The phase 
cycling schemes used in the experiments are listed in Tables 4.1 and 4.2. 
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Table 4.3  Basic phase cycling scheme used for recording dipolar encoded LM. 
Additionally, the CYCLOPS scheme was employed, yielding a 32-step phase cycle. 
The rf pulses Pi (i = 1 - 9) correspond to those of Fig. 4.3b. The 2θ  pulse in the 
middle of the evolution period was switched on and off between successive phase 
cycle steps. 
 
radio-frequency pulse and receiver phases 
P1 x x y y -x -x -y -y 
P2 -x -x -y -y x x y Y 
P3 x x y y -x -x -y -y 
P4 -y off x off y off -x off 
P5 y y -x -x -y -y x x 
P6 -y -y x x y y -x -x 
P7 y y -x -x -y -y x x 
P8 x x y y -x -x -y -y 
P9 y y -x -x -y -y x x 
receiver y Y -x -x -y -y x x 
 
Table 4.4 Basic phase cycling scheme used for recording DQ filtered signals. 
Additionally, the CYCLOPS scheme was employed, yielding a 16-step phase cycle. 
The rf pulses Pi (i = 1 - 9) correspond to those in Fig. 4.3b. In this experiment a θ2  
pulse (pulse P4) was applied in the middle of the evolution period. 
 
radio-frequency pulse and receiver phases 
P1 x y -x -y 
P2 -x -y -x -y 
P3 x y -x -y 
P4 -y x y -x 
P5 y -x -y x 
P6 -y x y -x 
P7 y -x -y x 
P8 x y -x -y 
P9 y -x -y x 
receiver y -y y -y 
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The spin system response for an isolated, magnetically equivalent two spin-
1/2 system can be described by an equivalent quadrupolar nucleus with spin I=1 (see 
for instance [Kimm]). Under the action of the pulse sequence presented in Figure 
4.3b the reduced density operator σ  can conveniently be described at various 
moments of times in terms of the irreducible tensor operators Tl,p. In a system of 
coupled spins, the rank l indicates the number of spins correlated, while the order p 
indicates the quantum number of the respective coherence. Transitions between 
different ranks of the tensor occur under the action of the dipolar Hamiltonian while 
rotations induced by the rf pulses lead to transitions between linear combinations of 
tensors having the same rank but different orders [Ernst]. A rotation of the density 
operator is achieved by the application of rf pulses. Thus a combination of pulses and 
evolution delays is necessary to create DQ coherences. 
In our case the effect of partial refocusing by 2θ  rf pulses (cf. Fig. 4.3b) will be 
neglected in the following being not essential for the filtration of DQ coherences. 
Nevertheless, these pulses refocus the fast coherence decay of inhomogeneous 
nature, being essential for the success of the experiment. The experiment starts with 
the spin system exhibiting z polarization, i.e. ( ) 0,10 T∝−σ . After the action of the first 
hard θx  pulse, the spin density develops to 
( ) ( ) θθσ sincos0 1,10,1 sTT i+∝+ ,    [4.1] 
where ( )s1,1T  is the symmetric irreducible tensor operator of 1,1 ±T  representing the 
transverse magnetization, defined as ( ) ][
2
1
1,11,11,1 −+= TTT si  [Bow1]. 
At the end of the first free evolution period of duration τ  (cf. Fig 3b), under the 
effect of the truncated residual dipolar Hamiltonian ( ) 0,2
0 TH dω=d , where dω  is the 
preaveraged intragroup dipolar coupling constant in elastomers [Coh] the density 
operator is given by 
( ) ( )
( ) θτω
θτωθτσ
sin
2
3sin2
sin
2
3coscos
1,2
1,10,1
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
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D
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s
T
TT i
,  [4.2] 
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where the antisymmetric combination of the irreducible tensor operators T2,±1 is given 
by ( ) [ ]1,21,21,2 2
1
−
−= TTT a , [Bow1]. 0,1T  commutes with the Hamiltonian, so that the 
0,1T  term is unchanged. In Eq. [4.2] all the relaxation processes have been neglected.  
The second rf θ x  pulse (cf. Fig. 4.3b) transforms the density operator to:  
 
( )
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ii . [4.3] 
Therefore, at the end of the excitation period dipolar encoded and non-encoded 
longitudinal magnetization ( 0,1T ), dipolar encoded and non-encoded single-quantum 
coherences ( ( )s1,1T ), dipolar encoded antiphase single-quantum coherences ( ( )a1,2T ), 
and dipolar encoded double-quantum coherences ( ( )a2,2T ) have been excited. The 
operator ( )a2,2T  indicates a simultaneous transition of a coupled spin pair. It is also 
evident that no dipolar order or zero-quantum coherences are present. This fact is 
also valid for DO in the case of dipolar coupled multi-spin systems or quadrupolar 
nuclei with I>1. Nevertheless, based on the selection rules valid for MQ NMR 
spectroscopy [Ernst, Mun, Ba, Tyc] ZQ coherences are excited by the nonselective 
three pulse sequence for a dipolar network with the number of spins N>2. 
LM and DQ multipolar spin states [Wies2] can be filtered from the other 
coherences and from each other by specific phase cycling schemes (see below). 
From Eq. [4.3] the density operators describing LM and DQ multipolar spin states are 
given at the end of the excitation period by 
( ) 






−∝
+ τωθθτσ DLM 2
3cossincos 20,1
2
0,1 TT ,   [4.4] 
and 
( ) ( ) 






∝
+ τωθτσ DDQ a 2
3sinsin2 22,2Ti ,    [4.5] 
respectively. 
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 The MQ coherences are acquired indirectly as single quantum coherences 
because they are not detectable directly. Therefore the double quantum has to be 
converted into transverse magnetization again. This is realized by the reversion of 
the excitation Hamiltonian that can be interpreted as reversing the time in the 
propagator. Once the evolution of LM and DQ multipolar spin states during the 1t  
period is neglected the density matrix after the first θy  reconversion pulse is given by 
( ) ( )[ ]











	






−⋅−∝+ ++ τωθθθθτσ DLM at 2
3cossincossincos 221,10,11 TT   [4.6] 
and 
( ) ( ) ( )[ ] 






+−∝+ ++ τωθθθτσ DDQ ast 2
3sinsincossin2 22,21,21 TTi   [4.7] 
Lets consider again the action of the truncated residual dipolar Hamiltonian 
( )
0,2
0 TH dω=d , of the length τ  for the reconversion. Since 0,1T  and 2,2T commute with 
the dipolar Hamiltonian, the density matrices become 
( ) ( ) ( )











	






−⋅



















	






−


	






+∝+
τωθθ
θτωτωθτσ
D
DDLM sat
2
3cossincos
sin
2
3sin2
2
3coscos2
22
1,21,10,11
                        
i TTT
    [4.8] 
and 
( ) ( ) ( ) ( )
.                         
iii



	






⋅








+











	






−


	






−∝+
τωθ
θθτωτωτσ
D
DDDQ aast
2
3sinsin
cos2sin
2
3sin
22
3cos22
2
2,21,11,21 TTT
[4.9] 
Lets observe now just the 0,1T  and 1,1T  terms, because 0,1T=zI , ( )s1,1TiIy = , 
and ( )a1,1T−=xI , respectively. We apply the last θy  pulse of the reconversion. The 
LM and the DQ density operator then have the simplified forms: 
( )
( )
( )











	






−⋅













	






+


	






−
+
∝++
τωθθ
τωθθτωθ
θθθ
τσ
D
DD
LM a
a
t
2
3cossincos
2
3coscossin
2
3cossin
cossincos
2
22
1,1
2
0,1
1,1
2
0,1
1
                        
TT
TT
 [4.10] 
4   Multipolar spin states 32 
and  
( ) ( )( ) .






−∝++ τωθθθτσ DDQ at 2
3sinsincossin2 231,10,11 TT   [4.11] 
At the end of the z-filter of duration 0τ  (cf. Fig. 4.3) the LM and DQ encoded z 
polarizations correspond to the 0,1T  term. Finally the LM and DQ filtered normalized 
signals originating from a θ  voxel are given by 
( )








+∝
+
τωθθττ
θ
D
LM
S
S
2
3cossincos
2 244
0
0 ,   [4.12] 
and 
( )








∝
+
τωθττ
θ
D
DQ
S
S
2
3sinsin
2 24
0
0 ,    [4.13] 
respectively. In Eqs. [4.12] and [4.13] the evolution of LM and DQ multipolar spin 
states during the 1t  period was neglected and S0 is the SQ signal detected by a Hahn 
echo with a short echo time. In the derivation of the eq. [4.12] 






τωD2
3cos  is zero 
because the integral is zero as a consequence of the distribution of the orientation of 
the end-to-end vector in the polymer network. Furthermore, the relaxation of 
coherences characterized by an effective relaxation time eff2,T  during excitation and 
reconversion periods can be neglected for eff2,T<<τ . The symbol ( )...  represents the 
averages taken over the orientation of the spin-pair internuclear vectors and the 
statistics of the end-to-end vectors [Schn1]. Equations [4.12] and [4.13] describe the 
signals originating from a particular sample voxel characterized by an rf pulse having 
a θ  flip angle for the NMR-MOUSE®. The total, filtered signals can be evaluated as in 
[Bal], and the relevant part is given by an integral that includes inter alia the space 
distribution of the flip angles. This integral can be evaluated numerically from a given 
distribution of the static and radio-frequency fields [Bal] and is expressed by the 
symbol ( ) θ... . From Eqs. [4.12] and [4.13] one finally gets: 
( )








+∝
+
τωθθττ
θθ D
LM
S
S
2
3cossincos2 244
0
0 ,   [4.14] 
and 
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( )








∝
+
τωθ
ττ
θ D
DQ
S
S
2
3sinsin
2 24
0
0 .    [4.15] 
If the excitation/reconversion intervals τ  fulfill the conditions 1D <<τω , and eff2,T<<τ  
the above equations can be approximated by 
   ( ) ( )
2
2244
0
0
4
31sincos2 





−+∝
+
τωθθττ
θθ D
LM
S
S , [4.16] 
and 
 
( ) ( ) 224
0
0
2
3sin
2
τωθ
ττ
θ D
DQ
S
S
∝
+
.   [4.17] 
The derivative of the LM decay curve and DQ build-up curve taken over the variable 
2τ  in this initial time regime yields a quantity related to the square of the total (inter- 
and intra-functional groups) residual dipolar couplings of the elastomer segments. 
 For a multi-spin dipolar topology the effect of pumping DQ high-order spin 
correlations and high-order MQ coherences leads to a more complex treatment than 
that described above. Nevertheless, the above equations are expected to be valid in 
the regime of short excitation/reconversion times [Schn1]. 
 
 
4.2.2 DQ decay curves 
The new feature of this method is related to the possibility to generate MQ coherence 
decay curves, which can be adjusted to begin with a maximum MQ signal. This will 
allow for a more accurate determination of the residual dipolar couplings with the 
NMR-MOUSE® compared to the method employing MQ build-up curves (cf. Fig. 4.3), 
because of the much better signal to noise ratio at the maximum of the curve. The 
spin system response to the mismatched excitation/reconversion pulse sequence 
(MERE) (see Fig. 4.4) used for excitation and detection of MQ coherences gives a 
DQ decay curve by incrementing the time delay ´τ and setting the parameter τ  to the 
maximum of the DQ build-up curves [Wies1]. 
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Fig. 4.14: (a) Schematic representation of the experiment for mismatched 
excitation and reconversion of MQ coherences used for recording decay curves. The 
excitation time τ  and the evolution time 1t  are kept fixed and only the mismatched 
reconversion time ´τ  is varied. The parameter τ  is set to the maximum of the DQ 
build-up curves. (b) A five-pulse sequence with an arbitrary flip angle θ , 
supplemented by θ2  partially refocusing pulses for measuring DQ-filtered coherence 
decay curves. The evolution time 1t  is kept short and constant and a θ2  pulse is 
applied at the middle of this interval for partially refocusing the coherence evolution 
under inhomogeneous Hamiltonians. 
 
 
The case of a two spin-1/2 system is treated in the presence of homogeneous 
magnetic fields for which well defined arbitrary pulse flip angles can be defined all 
over the sample volume. This gives us the possibility to understand how the MERE 
pulse sequence works for the NMR-MOUSE®, i.e. in strongly inhomogeneous 
magnetic fields where a distribution of pulse flip angles exist. Nevertheless, the radio-
frequency pulse phases are the same for each sample voxel. 
 Under the action of the pulse sequence presented in Figure 4.4b the reduced 
density operator σ  and the DQ encoded z-polarization at the end of the reconversion 
period and the z-filter of duration 0τ  (cf. Fig. 4.4b) can be evaluated as in chapter 
1.2.1, where the matched variant is described. In eq. [4.15] if we replace the 
reconversion time τ  by the time 'ττ +  (compare Figs. 4.3 and 4.4) the DQ filtered 
signal after the z-filter is finally given by 
( ) ( ) θτωττωτττ 40 sin2
3sin'
2
3sin'2 














+∝++ DDDQS ,  [4.18] 
where the evolution of DQ coherences during the 1t  period has been neglected. The 
symbol ( )...  represents the averages taken over the orientation of the spin-pair 
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internuclear vectors and the statistics of the end-to-end vector [Gra, Schn1]. In the 
case of the NMR-MOUSE® eq. [4.18] describes the signal originating from a 
particular sample voxel characterized by an rf pulse having a flip angle θ . For an rf 
pulse flip angle of 090=θ  and matched excitation/reconversion pulse sequence, i.e. 
0´=τ , Eq. [4.18] becomes identical with the DQ signal derived for a static collection 
of spin-1/2 pairs [Schn1]. For a τ  parameter which has a value in the region of the 
maximum of the DQ build-up curve, i.e., for 1
2
3sin 2 ≈






τωD  and 
0
2
3cos ≈






τωD  we can approximate Eq. [4.18] by 
( ) ( ) θτωτττ 40 sin'2
3cos'2 






∝++ DDQS .  [4.19] 
If the ´τ  interval fulfills the conditions 1´<<τωD , and effT ,2´<<τ  we can write eq. [4.19] 
as follows: 
( ) θτωτ 422 sin´
4
31´ 





−∝ DDQS .    [4.20] 
In the presence of transverse relaxation of single-quantum coherences during 
excitation and reconversion periods Eq. [4.20] has to be multiplied by the function 
( )[ ]effT ,2/´2exp ττ +− , where effT ,2  is the effective transverse relaxation time. 
( ) [ ] θττωτ 422 sin/2exp´
4
31´ eff2,TS DDQ −





−∝    [4.21] 
We note that this approximation is not necessary for the evaluation of DQ build-up 
curves [Schn1]. Nevertheless, the values of the residual dipolar couplings measured 
by the DQ build-up and decay curves are in a good agreement as it is shown below. 
Finally, the normalized DQ filtered signal is given by 
( )
( ) θτω
τ 422 sin´
4
31
0
´






−∝ D
DQ
DQ
S
S
    [4.22] 
i.e., the signal represents a DQ decay curve starting from an initial time 0´=τ , after 
pumping DQ coherences for a duration τ . The slope of the DQ decay curve with 
regard to 2´τ  gives a quantity related to the total residual dipolar couplings of the 
elastomer segments. The sensitivity to the residual dipolar couplings can be defined 
as a derivative of the curve slope versus 2Dω . For the DQ decay curves this 
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derivative is 3/4, being two times lower as compared to the DQ build-up curves (eq. 
[4.17]) [Wies1]. 
 For a multi-spin dipolar topology the effect of pumping DQ high-order spin 
correlations and multiple-quantum coherences leads to a more complex treatment as 
that described above. Nevertheless, Eq. [4.22] is expected to be still valid in the limit 
of small values of 2´τ (see chapter 4.4 results and discussion). 
 
 
4.2.3 Dipolar order 
In addition to the energies of coupling of each spin species with the large external 
field (Zeeman energies), there is a quasi-invariant of the motion the spin-spin or 
dipolar coupling energy, which plays an essential role in many processes. The 
degree of dipolar order (dipolar energy) in a nuclear spin system in complete thermal 
equilibrium with the lattice is very small, because the local fields, which are the cause 
of the dipolar ordering are mostly only a few gauss. An essential step in most 
experiments on the properties of dipolar energy is thus the transformation of the 
easily available Zeeman order into observable amounts of dipolar order. The 
methods originally proposed were the adiabatic demagnetization in the laboratory 
frame or in the rotating frame (ADRF) are not suitable for the study of fast 
phenomena, such as very fast spin-lattice relaxation of the dipolar energy, because 
they transfer spin order slowly, in times much longer than the spin-spin relaxation 
times [Jeen]. An alternative fast method is the Jeener-Broekaert pulse sequence, 
consisting of two rf pulses, π/2 out of phase with one other and separated by a time 
of the order of T2. The disadvantage of this method is that it can convert the Zeeman 
order only to about 58% in dipolar order.  
Lets consider the following experiment: a sample with a long T1, which has 
been polarized in a high field is slowly removed from the field [And]. Outside the large 
field there is no magnetization in the sample (short T2). If the sample is now 
reintroduced into the magnetic field at the same rate as it was removed and the total 
duration of the experiment is short compared with T1, almost all magnetization 
present at the beginning of the experiment will reappear in a time short compared to 
T1. The explanation of this is the following: the sample was removed adiabatically 
from the field, the entropy did not change. Therefore the initial ordering along the field 
was preserved in another form when it was in low field. In fact, in each small region of 
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the sample the magnetization becomes aligned along the local field at that point. This 
spin order is called dipolar order. The time constant for the exponential decay due to 
dissipation of dipolar order to the thermal bath along each of the local field vectors is 
T1D, the dipolar relaxation time. Since the local fields are oriented randomly, there is 
no net magnetization to observe. When the sample is reintroduced in the field 
isentropically the ordering appears again as Zeeman order [Fuku].  
The excitation of the DO multipolar spin state can be achieved by the Jeener-
Broekaert pulse sequence [Jeen]. This pulse sequence was adapted to the NMR-
MOUSE® sensor. The scheme is similar to that used for excitation of LM and MQ 
multipolar spin states and possesses preparation (sample polarization), excitation, 
evolution and reconversion periods (cf. Fig. 4.5a).  
 
 
 
Fig. 4.15 (a) General scheme for recording dipolar order build-up curves based on 
the Jeener-Broekaert experiment [Jeen]. The evolution time t1 is kept fixed and only 
the excitation/reconversion time τ is varied. (b) Jeener-Broekaert three-pulse 
sequence with arbitrary flip angles θ and θ/2, supplemented by 2θ pulses for partial 
refocusing. The evolution time t1 is kept constant and long enough so that DQ and 
ZQ coherences will irreversible be dephased. A 2θ pulse (represented by a gray 
area) is applied in alternative scans at the middle of the t1 interval for partially filtering 
of the LM spin state. The amplitude of the dipolar echo is detected. The phase cycle 
employed is listed in Table 4.3. 
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Table 5 Basic phase cycling scheme used for recording the DO multipolar spin state. 
Additionally, the CYCLOPS scheme was employed, yielding a 32-step phase cycle. 
The rf pulses Pi (i = 1 - 6) correspond to those of Fig. 4.5b. 
 
radio-frequency pulse and receiver phases 
P1 x x Y y -x -x -y -y 
P2 -x -x -y -y x x y y 
P3 y y -x -x -y -y x X 
P4 -y off X off y off -x off 
P5 y y -x -x -y -y x x 
P6 -y -y X x y y -x -x 
receiver y y -x -x -y -y x x 
 
The spin system response to the action of the pulse sequence of Fig. 4.5b can 
be evaluated under the same conditions as discussed in the previous section. Using 
the eqs. [4.1], and [4.2] for the evolution of irreducible tensor operators under the first 
rf pulse and dipolar interaction, we can write for the density operator at the end of the 
excitation period after the θ/2y rf pulse 
( ) ( ) ( ) ( )
( )
( ) ( ) 








	




−−−








+
+∝+
τωθθθθ
τωθ
θθθθτσ
D
D
sa
s
a
2
3sinsinsin
2
1cossin
2
32
2
3cossin
cos2/sincos2/cos
2,21,20,2
1,1
1,10,1
TTT
T
TT
i . [4.23] 
It is evident that multipolar spin states of LM, SQ, DQ and dipolar order (DO) 
are produced. The irreducible spin operator 0,2T  describes the last spin state. If the 
evolution period t1 is longer than the transverse relaxation times of SQ and DQ 
coherences only the LM (or Zeeman order), which now is not encoded by the dipolar 
interaction, and the DO will survive. After the evolution time eq. [4.23] becomes: 
( ) ( ) 






−∝+ τωθθθτσ Dt 2
3sinsin
2
3cos2/cos 20,20,11 TT .  [4.24] 
The θ2  pulse applied in the middle of the evolution period (cf. Fig. 4.5b) will 
change the sign of the LM allowing a partial filtering of this spin state (see below). We 
apply now the second θ/2y rf pulse 
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( ) ( ) ( )
( ) ( ) ( )( ) 
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




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2
3cos31
4
1
2
3
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2
1cos2/cos
2
2,21,20,2
1,1
2
0,11
TTT
TT
               
[4.25] 
Like in a Jeener-Broekaert experiment [Jeen] performed with 450 pulses, the 
signal detected in phase with the last 2/θ  pulse after the action of ( ) 0,20 TH dω=d  is 
encoded only by the DO.  
( ) ( ) ( ) .
2
3sinsin
4
3
2
3coscossin
2
12 231,11,11 






+







∝+ τωθτωθθτσ DD siat TT  [4.26] 
In eq. [4.26] we took only the components contributing to the signal into 
account. Since ( )s1,1TiIy = , resp. ( )a1,1T−=xI , the normalized spin state of DO 
detected at the maximum of the transferred dipolar echo is given by 
( )








τωθ∝
τ
θ D
yDO
S
S
2
3sinsin
4
32 23
0
, .   [4.27] 
The equation above is valid only for small t1 values when the spin-lattice relaxation of 
the dipolar order can be neglected. For the case of spin-1/2 pairs the dipolar 
encoding of DQ coherence and DO is the same (cf. Eqs. [4.15] and [4.27]), but the 
flip angle encoding is different. Therefore, as for the DQ case a DO build-up curve 
can be recorded when the excitation/reconversion time τ  is incremented. In the initial 
excitation regime from Eq. [4.27] the NMR signal filtered for DO is given by 
( ) ( ) 223
0
, sin
8
92
τωθ∝
τ
θ D
yDO
S
S
,    [4.28] 
when the transverse relaxation of coherences during the excitation and reconversion 
period is neglected. 
 We can mention here that the DO build-up curves which can be recorded by 
the changes in the excitation/reconversion time τ  (cf. Fig. 4.5a) are not limited to 
spin-1/2 pairs or quadrupolar nuclei with spin I=1. This effect can be also detected for 
a dipolar-coupled multi-spin network as is evident from the results of Jeener and 
Broekaert [Jeen]. The inverse spin temperature associated with the dipolar reservoir 
reaches a maximum when ( )τ
τ
G
d
d  is maximum, where the function ( )τG  describes 
the free induction decay. 
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4.3 Experimental 
4.3.1 Samples 
A series of cross-linked elastomer samples based on commercially available natural 
rubber (NR) SMR10 (Malaysia) was investigated. The additives were 3 phr (parts-
per-hundred-rubber) ZnO and 2 phr stearic acid. The sulfur and accelerator contents 
are 1-1 phr for the sample NR1 and 5-5 phr for NR5. The accelerator is of the 
standard sulfenamide type (TBBS, benzothiazyl-2-tert-butyl-sulfenamide). After 
mixing the compounds in a laboratory mixer at 500 C, the samples were vulcanized at 
1600 C in a Monsanto MDR-2000-E vulcameter. The degree of cross-linking was 
measured by the low frequency shear modulus at a temperature of 1600 C in the 
vulcameter directly after the vulcanization. The measurements were performed with 
oscillation amplitude of ± 0.50 and a frequency of 1.67 Hz. 
 
Table 4.6 Cross-link series of natural rubber. 
Sample Sulphur-accelerator content (phr) 
NR1 1-1 
NR2 2-2 
NR3 3-3 
NR4 4-4 
NR5 5-5 
 
 For the experiments performed under mechanical stress a simple home build 
stretching device was used. The natural rubber bands had the dimensions of 180 mm 
x 35 mm x 4 mm in the unstrained state. The NMR-MOUSE® was positioned below 
the rubber band in contact with the surface of the rubber band (Fig. 4.6). The width of 
the band was larger than the diameter of the radio-frequency coil of 13 mm. 
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Fig. 4.16 Stretching equipment used for the experiments on strained elastomers with 
the NMR-MOUSE®. 
 
 The investigated Styrene-Butadiene-Rubber (SBR) is based on the 
commercially available SBR 1500 composed of 23.4 weight % styrene units and 76.6 
weight % butadiene units distributed in a random sequence. The samples contain 3 
phr (parts-per-hundred-rubber) ZnO and 2 phr stearic acid. The sulfur and 
accelerator contents are 1-1 phr for the sample SBR1, 3-3 phr for the sample SBR3, 
and 5-5 phr for SBR5. After mixing the compounds in a laboratory mixer at 500 C, the 
samples were vulcanized at 1600 C in a Monsanto MDR-2000-E vulcameter. The 
degree of cross-linking was measured by the low frequency shear modulus at a 
temperature of 1600 C in the vulcameter directly after the vulcanization.  
 
 
4.3.2. NMR Experiments 
The 1H NMR experiments in inhomogeneous fields were performed with a home- 
made NMR-MOUSE® sensor equipped with a Bruker Minispec spectrometer 
operating at a carrier frequency of 20.1 MHz and a coil geometry with a sensitive 
volume of about 9 mm x 4 mm in plane and 0.5 mm in depth. Further details are 
published in ref. [Eid]. The length of a pulse employed in all the measurements had a 
value of 2.5 µs, the z-filter time was 0τ  = 500 µs, and the Hahn echo time was 1τ  = 
100 µs (cf. Figs. 3b and 4b). The evolution time was 1t  = 60 µs, 1t  = 100 µs, and 1t  = 
60 µs for DQ, DO, and LM experiments, respectively. The DQ decay curves were 
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recorded using the MERE pulse sequence [Wies1] with a fixed value of τ  = 1 ms, 
and τ  = 0.8 ms corresponding to the maximum of the DQ build-up curves for the 
sample NR1 for two extension ratios λ=1.00 and λ=2.25, respectively. The intensity 
of the DQ filtered signals for two different excitation/reconversion times τ = 0.5 ms 
and τ = 1.6 ms taken around the value of τ corresponding to the maximum of the 
build-up curve was measured for the NR1 band with λ=2.5 versus the angle Θ  
between the direction perpendicular to the magnet poles and the direction of the 
stretching force. This measurements can easily be performed with the NMR-
MOUSE® sensor. 
The NMR experiments in homogeneous fields were performed at a 1H 
frequency of 500.045 MHz on a Bruker DSX-500 solid-state spectrometer. The 900 
pulse length was 2 µs. To partially mimic the effect of rf pulse inhomogeneities the 
LM and DO filtered signals were recorded with an rf pulse flip angle of about °= 60θ . 
The same pulse delays were used as for the measurements performed with the 
NMR-MOUSE®. The acquisition was performed without employing a Hahn echo. By 
applying θ2  pulses in the middle of the excitation, evolution, and reconversion 
periods (cf. Figs. 3b and 4b and the discussion below) partial refocusing of the signal 
was achieved. 
Phase cycling schemes for detecting dipolar-encoded LM [Schn1, Schn2], DQ 
coherences [Ernst, Mun] and DO [Kemp1, Kemp2] filtered signals were applied in all 
experiments. The basic phase cycles without CYCLOPS are presented in Tables 4.1 
to 4.3. In the DQ experiments ZQ coherences (and also LM) are filtered out by the 
classical phase cycle [Ernst, Mun]. For the experiment concerning the multipolar LM 
state the difference of the filtered signals recorded with and without the θ2  
refocusing pulse was taken. The refocusing pulse will not change the sign of the ZQ 
and DQ coherences. Because ZQ coherence, dipolar encoded LM and DO behave in 
the same way under the phase cycle of the rf pulses the elimination of ZQ and DQ 
coherences in LM experiments could also be achieved by choosing the t1 evolution 
period longer than the longest value of T2,ZQ, and T2,DQ relaxation times. The 
inhomogeneities of the static magnetic field only nearly affect the lifetime of the ZQ 
coherence [Ernst]. In the experiments for excitation of DO the orthogonality of the 
phases of the first θ  pulse and the 2/θ  pulse (cf. Fig. 4.5b) allows the excitation of 
the MQ coherences of odd order for the spin system starting from z polarization [Ba, 
Tyc]. Therefore, ZQ coherence will not be excited in this case. The single-quantum 
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and MQ coherences of higher order (i.e., p  ≥  3) are filtered out by the combined 
effect of phase cycle and fast dephasing during the t1 period. Partial filtration of LM is 
achieved by the θ2  radio-frequency pulse applied in the middle of the evolution 
period which is switched on and off between successive scans (cf. Table 4.3). 
 
 
4.4 Results and discussion 
4.4.1 1H dipolar encoded longitudinal magnetization 
4.4.1.1 Natural Rubber 
The possibility to measure signals filtered by 1H dipolar encoded LM using the NMR-
MOUSE® and the pulse sequence presented in Fig. 4.3 is demonstrated by the LM 
decay curves recorded on the two natural rubber samples NR1 and NR5. These 
curves are shown in Fig. 4.7 for the full relevant range of the excitation/reconversion 
times. In the initial regime of the excitation/reconversion times the decay is 
dominated by a 2τ  dependence as revealed by eq. [4.16]. This is supported by the 
dipolar encoded LM decay curves shown in the inset of Fig. 4.7. Moreover, the effect 
of transverse relaxation of the SQ coherences during excitation and reconversion 
periods is not present being linear in τ  for the initial time regime. The signal-to-noise 
ratio is relatively good making it possible to quantitatively evaluate residual dipolar 
couplings. 
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Fig. 4.17: 1H normalized dipolar encoded LM decay curves for the natural rubber 
samples NR1 (∆) and NR5 (•) which differ in cross-link density. The decay curves 
have been recorded with the NMR-MOUSE® using the pulse sequence of Fig. 4.3b 
and the phase cycle of Table 4.1. The dipolar encoded LM signals were normalized 
to the intensity of the Hahn echo recorded with the same echo time as that used for 
the decay curves. The inset shows the linear dependence on 2τ  (solid lines) for the 
decay curves in the initial excitation/reconversion regime. 
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Fig. 4.18: 1H normalized dipolar encoded LM decay curves for the natural rubber 
samples NR1 (∆) and NR5 (•) with different cross-link densities measured using a 
solid-state Bruker DSX 500 NMR spectrometer.  
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For the same natural rubber samples the 1H dipolar encoded LM decays were 
recorded on a solid-state Bruker DSX 500 NMR spectrometeri using the same pulse 
sequence (cf. Fig. 4.3b) with a pulse flip angle of about θ=600. The signal decays are 
shown in Fig. 4.8 together with the initial 2τ  dependence (inset). From eq. [4.16] one 
gets the ratio of the square of the 1H residual dipolar couplings for the natural rubber 
samples NR1 and NR5 as ≅ωω
LM
1NR
2
D
LM
5NR
2
D / 3.3 from the data presented in the inset 
of the Fig. 4.8, and 3/
LM
1NR
2
D
LM
5NR
2
D ≅ωω .1 from the data shown in Fig. 4.7 (NMR-
MOUSE®). Within the limit of the experimental error these ratios are in good 
agreement thus showing that the approximations involved in the derivation of eq. 
[4.16] are justified. Moreover, the residual dipolar couplings measured in 
homogeneous and inhomogeneous magnetic fields differ by about 10% proving that 
the NMR-MOUSE® can provide quantitative values for ratios of the total 1H residual 
dipolar couplings for elastomers. We can remark here that in the regime of long 
excitation times, the dipolar encoded LM decays could be slightly different for the 
measurements performed with the NMR-MOUSE® and high-field NMR spectrometers 
as a result of a possible field dependence of the transverse relaxation rate. 
 
 
4.4.1.2 Strained elastomers 
Proton dipolar encoded LM decay curves were also measured using the NMR-
MOUSE® for the natural rubber band NR1 in the relaxed state (extension ratio λ=1) 
and strained to λ=2.25. The extension ratio under an uniaxial force is defined as 
0L/L=λ  where L is the length of the sample under the action of uniaxial force F

 
and L0 is the length of the sample for F

 = 0. Under mechanical stress the segmental 
order is increased in elastomers [Call, Sot] and therefore, the residual dipolar 
couplings will increase because of the more intense interchain excluded-volume 
interactions [Bre1, Bre2]. This effect is evident in the dipolar encoded LM decay 
curves presented in Fig. 4.9. From the slopes of the dipolar encoded LM decays 
shown in the inset of Fig. 4.9 the ratio of the squares of 1H residual dipolar couplings 
can be obtained: .4.1/
1
2
25.2
2 ≅
==
LM
D
LM
D λλ
ωω  This value is different from the ratio 
                                                 
i  The measurements on the DSX 500 Spectrometer were performed by Dr. Claudiu Filip 
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24.1/
LM
1
2
D
LM
25.2
2
D ≅ωω
=λ=λ
 measured by the same techniques on a different natural 
rubber band using a Bruker DSX-200 spectrometer [Schn3]. This is due to the 
different values of the cross-link density of the investigated elastomers. 
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Fig. 4.19: 1H normalized dipolar encoded LM decay curves of a natural rubber 
sample for two elongation ratios λ=1.00 (•) and λ=2.25 (∆) measured by the NMR-
MOUSE®. The decay curves were recorded using the same procedure and 
parameters as discussed in Fig. 4.7. The inset shows the linear dependence on 2τ  
(solid lines) for the decay curves in the initial excitation/reconversion regime. 
 
 
4.4.1.3 Angular dependence 
It is well known that the residual dipolar and quadrupolar couplings depend on the 
angle between the direction of the static magnetic field B0 and the direction of the 
applied uniaxial force for elastomer materials [Call, Sot]. In the case of the NMR-
MOUSE® because of the B0 inhomogeneities an effective orientation angle (Θ ) can 
be defined between the direction of the applied force and the axis oriented 
perpendicular to the permanent magnet faces (z-direction).  
Figure 4.10 makes obvious the dependence of 1H normalized dipolar encoded 
LM decay curves of a stretched (λ  = 2.5) natural rubber sample on Θ. The angular 
dependence of the rate of dipolar encoded LM signals measured with the NMR-
MOUSE® for fixed excitation/reconversion times of τ = 0.5 ms is shown in Fig. 4.11. 
The dependence of the normalized signal shows a broad minimum around an angle 
close to the magic angle of mΘ  = 54.7
0. It was also shown that the transverse 
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relaxation rate 1/T2 has a strong anisotropy in oriented tissues [Hak] having a 
minimum at the magic angle. Figure 4.12 shows the angular dependence of the 
reciprocal value of the Hahn echo intensity for the same elastomer under identical 
conditions. It is obvious that the tendency is very similar, due to the dependence on 
the square of the second Legendre polynomial ( )( )rP Θcos2 .  
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Fig. 4.20 1H normalized dipolar encoded LM decay curves of a stretched (λ  = 2.5) 
natural rubber sample for three Θ values (0°, 54.7° and 90°) measured by the NMR-
MOUSE®. Θ represents the angle between the direction of the applied force and the 
axis oriented perpendicular to the permanent magnet faces (z-direction). The decay 
curves were recorded using the same procedure and parameters as discussed in Fig. 
4.7. 
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Fig. 4.21 a) Angular dependence of the 1H normalized dipolar encoded LM signal for 
the natural rubber sample NR1 with elongation ratio λ=2.5 measured by the NMR-
MOUSE®. The angle between the direction of the uniaxial stress force and the axis 
perpendicular to the faces of the permanent magnet is denoted by Θ . The LM 
signals have been recorded using the pulse sequence of Fig. 4.3b and the phase 
cycle of Table 4.1 for τ = 0.5 ms. The LM signals were normalized to the intensity of 
the Hahn echo recorded with the same echo time as that used for LM signals. b) A 
polar plot from a). The measurements in the range 0-90° were extended for the 
whole trigonometric circle. 
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Fig. 4.22 a) Angular dependence of the Hahn echo intensity for the natural rubber 
sample NR1 with elongation ratio λ=2.5 measured by the NMR-MOUSE®. The angle 
between the direction of the uniaxial stress force and the axis perpendicular to the 
faces of the permanent magnet is denoted by Θ . The intensities of the Hahn echo 
were recorded with the same echo time as that used for LM measurements (0.1 ms). 
b) A polar plot from a). The measurements in the range 0-90° were extended for the 
whole trigonometric circle. 
 
 
4   Multipolar spin states 49
 
4.4.1.4 Other Applications 
The applicability of this method for determining the residual dipolar couplings in 
elastomers was tested on other elastomers like SBR with different cross-link 
densities and natural rubber samples with different fillers. One can see in Fig. 4.13 
that three differently cross-linked samples (SBR 1-3) are fully distinguishable by 
measuring the decay of the dipolar encoded LM. The signal of the sample with a 
higher cross-link density decays faster (SBR 3) than the signal of lower cross-linked 
SBR 1. The proton residual dipolar couplings increase in proportion with cross-link 
density and therefore, with increasing amount of the vulcanization system the 
maximum of the signal intensity is shifted to shorter excitation times. 
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Fig. 4.23 1H normalized dipolar encoded LM decay curves for the SB rubber samples 
SBR1 (■) SBR2 (▲) and SBR3 (○) which differ in cross-link density. The decay 
curves have been recorded with the NMR-MOUSE® using the pulse sequence of Fig. 
4.3b and the phase cycle of Table 4.1. The dipolar encoded LM signals were 
normalized to the intensity of the Hahn echo recorded with the same echo time as 
that used for the decay curves.  
 
This technique was also applied to characterize reference natural rubber samples 
with different cross-link density and carbon black and silica fillers. In addition to the 
chemical cross-link density the carbon black and silica fillers are also expected to 
modify the polymer chain mobility [Blü]. An increase in the 1H residual dipolar 
couplings is expected for filled elastomers compared to unfilled samples. 
Nevertheless, this effect is not observed for natural rubber [Kühn]. Within the limits of 
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experimental error the slope of the LM decay curves are identical and independent of 
the filler concentration and the types of fillers. 
 
 
4.4.2 1H double-quantum build-up curves 
4.4.2.1 Natural Rubber 
The possibility to excite 1H DQ filtered signals using the NMR-MOUSE® and the 
pulse sequence presented in Fig. 4.3b is proved by the DQ build-up curves in Fig. 
4.14 recorded on the natural rubber samples NR1 and NR5 (cf. Table 4.4). In the 
initial pumping regime the slope of the DQ build-up curves are different reflecting 
different values of the residual dipolar couplings. The signal-to-noise ratio is relatively 
low making the quantitative evaluation of residual dipolar couplings inaccurate. A 
better sensitivity to the cross-link density is given by the times at which DQ build-up 
curves reach the maximum values. This is due to the combined effect of the 
increasing efficiency of pumping DQ coherences with increasing 
excitation/reconversion times in the initial pumping regime and transverse relaxation 
of the single-quantum coherences [Gra], [Schn1]. Both quantities are affected by the 
cross-link density. For multi-spin dipolar networks higher-order multiple-quantum 
coherences and spin correlations will also be excited and contribute to the decrease 
of the DQ signal amplitudes.  
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Fig. 4.24: 1H normalized DQ build-up curves for the natural rubber samples NR1 (∆) 
and NR5 (•) with different cross-link densities (cf. Table 4.4) using the NMR-
MOUSE®. The build-up curves have been recorded using the pulse sequence of Fig. 
4.3b. The DQ signals were normalized to the intensity of the Hahn echo recorded 
with the same echo time as that used for the build-up curves. 
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Fig. 4.25 The normalized DQ build-up curves recorded with Bruker DSX 500 NMR 
spectrometer. The pulse sequence of Fig. 4.3b was used with the pulse flip angle of 
about θ =600 and the pulse delays identical with that used in the measurements with 
the NMR-MOUSE®. The inset shows the dependence on 2τ  for the build-up curves in 
the initial excitation regime. The solid lines represent the best fit of the data with a 
polynomial function of order six in τ . 
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In order to test the efficiency of the phase cycling scheme used for filtering DQ 
coherences and to partially mimic the distribution of rf pulse flip angles the 1H DQ 
build-up curves of NR1 and NR5 have been recorded on a Bruker DSX 500 solid-
state NMR spectrometerii using the pulse sequence presented in Fig. 4.3b with θ  = 
600 (cf. Fig. 4.15). The data obtained on the DSX 500 and on the NMR-MOUSE® 
show good agreement. The inset of Fig. 4.15 shows the evolution of the DQ filtered 
signal intensities in the initial excitation time regime versus 2τ . The lines represent 
the best fit of the data with a polynomial function of order six in τ . The coefficient of 
the 2τ  term are related to 2Dω  [Gra, Schn1]. We can note here that the DQ build-up 
curves in the regime of long excitation times could be slightly different for the 
measurements performed with the NMR-MOUSE® and high-field NMR spectrometers 
as a result of a possible dependence of the transverse relaxation rate on the 
magnetic field strength. Nevertheless, this effect was not observed for the 
investigated series of the cross-linked natural rubber. The maximum of the DQ build-
up curves recorded at 20.1 MHz and 500 MHz are reached for the same τ  values 
(cf. Fig. 4.14 and Fig. 4.15). 
 
 
4.4.2.2 Strained Elastomers 
Proton DQ build-up curves have been recorded with the NMR-MOUSE® sensor for a 
relaxed (i.e., λ=1) and stretched (λ=2.25) natural rubber sample. The data are 
shown in Fig. 4.16. The low signal-to-noise ratio in the initial regime of the build-up 
curves leads to errors in the estimation of the residual dipolar couplings. 
Nevertheless, the DQ build-up curves clearly show a dependence on the λ ratio. The 
maximum of the DQ build-up curves (dashed lines in Fig. 4.16) is shifted to an earlier 
time for the stretched elastomer. This fact is mainly a combination of two effects: (i) 
the differences in the 1H residual dipolar couplings (i.e., 
DQ
1
2
D
DQ
25.2
2
D
=λ=λ
ω>ω ), and (ii) 
differences in the transverse relaxation rates of the single-quantum coherences (i.e., 
T2 (λ=2.25) < T2 (λ=1)). When we recorded the Hahn echo decays with the NMR-
MOUSE® for the two elongation ratios discussed above and fitted the long decay 
components to an exponential function, different effective transverse relaxation times 
T2 (λ=1)=1.79 ms and T2 (λ=2.25)=1.12 ms are obtained. 
                                                 
ii The measurement was performed by Dr. Claudiu Filip 
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Fig. 4.26 1H normalized DQ build-up curves measured by the NMR-MOUSE® for the 
natural rubber sample for two elongation ratios λ=1.00 (•) and λ=2.25 (∆) (left side) 
and DQ build-up curves for the natural rubber sample NR1 for the elongation ratio 
λ=2.25 by the first elongation (∆) and after a relaxing time of about 30 Min. and re-
elongation to the same length (•) (right side). The build-up curves have been 
recorded using the pulse sequence of Fig. 4.3b and the phase cycle of Table 4.2. 
The DQ signals were normalized to the intensity of the Hahn echo recorded with the 
same echo time as that used for build-up curves. The position of the maximum for 
each build-up curve is marked by a dashed line. 
 
When we let the sample reposing after the first elongation for a time and re-
stretch it to the same elongation ratio as above, the maximum of the DQ build-up 
curve moves again to a lower value (Fig. 4.16 right). A possible cause of this 
tendency is that after the first elongation the chain arrangement does not fully 
disappear. The chains need a time period to return in complete equilibrium and we 
start to strain the sample from different pre-conditions as by the first elongation 
(Mullins effect). As a result we see that the residual dipolar couplings and transverse 
relaxation rates are different. It is fascinating that such a difference is observable with 
the NMR-MOUSE® in such inhomogeneous magnetic fields. This topic needs further 
investigations in the future. 
 
 
4.4.2.3 Angular dependence 
The dependence of the residual dipolar couplings on the angle between the direction 
of the static magnetic field B0 and the direction of the applied uniaxial force for an 
natural rubber sample is investigated. In Fig. 4.17 the dependence of the DQ build-up 
curves on this angle Θ is depicted. It is obvious that the maximum of the build-up 
curves is changing for the representative angles 0°, 90° and magic angles related to 
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the second Legendre polynomial in the same way as 1/T2: the minimum value 
appears for Θ = 0° and the maximum value for Θ = 54.7°. 
The angular dependence of the 1H DQ filtered signals measured with the 
NMR-MOUSE® for NR1 band with λ =2.5 and excitation/reconversion times of τ = 0.5 
ms and τ = 1.6 ms are shown in Fig. 4.18. These times correspond to the rising part 
and the decaying part of the DQ build-up curve. The angular dependences show a 
broad minimum and a broad maximum around an angle close to the magic angle of 
mΘ  = 54.7
0. The rising part of the DQ build up curve is dominated by the residual 
dipolar couplings and is described by a function which contain terms of the form 
( ) ( )( )( )
V
n
V
n
D rP
2
2
2 cos Θ∝ω , (n=1,2,3) where ( )( )rP Θcos2  is the Legendre 
polynomial of second order in ( )rΘcos . The angle ( )rΘ  is the angle between the 
local static magnetic field ( )rB 0  and the force F . The average over the sensitive 
volume of the NMR-MOUSE® is denoted by ( )
V
...  and is taking into account the 
distribution in the orientation of 0B

. It is obvious that the intensity of the DQ filtered 
signal has a minimum value at the magic angle mΘ  when in some region of the 
sensitive volume 0B

 is oriented at this angle relative to F

. Furthermore, the strong 
inhomogeneities in the orientation of the static magnetic field make the ratios 
( ) ( )mDQDQ SS Θ=Θ /0  and ( ) ( )090/0 =Θ=Θ DQDQ SS  different from the expected Θ  
dependence given by the Legendre polynomial of second order (Fig. 4.18). In the 
decay region of the DQ build-up curve the intensity of the filtered signal is dominated 
by the transverse relaxation (T2) of the SQ coherences. It was shown that 1/T2 has a 
strong anisotropy in oriented tissues [Hak] having a minimum for the magic angle. 
Therefore, the attenuation of the DQ filtered signal is minimized and the signal has a 
maximum value, as it is evident from Fig. 4.18. In this regime of the 
excitation/reconversion the anisotropy of the DQ filtered signal is reduced compared 
to the initial regime because of the opposite contribution to the signal intensity given 
by the residual dipolar couplings and transverse relaxation.  
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Fig. 4.27 1H normalized DQ build-up curves measured by the NMR-MOUSE® for the 
stretched natural rubber sample (λ=2.5). Θ represents the angle between the 
direction of the applied force and the axis oriented perpendicular to the permanent 
magnet faces (z-direction). The decay curves were recorded using the same 
procedure and parameters as discussed in Fig. 4.14. 
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Fig. 4.28: Angular dependence of the 1H normalized DQ build-up curves for the 
natural rubber sample NR1 with elongation ratio λ=2.5 measured by the NMR-
MOUSE®. The angle between the direction of the uniaxial stress force and the axis 
perpendicular to the faces of the permanent magnet is denoted by Θ . The DQ 
filtered signals have been recorded using the pulse sequence of Fig. 4.3b and the 
phase cycle of Table 4.2 for τ = 0.5 ms (■) and τ = 1.6 ms (○). The DQ signals were 
normalized to the intensity of the Hahn echo recorded with the same echo time as 
that used for DQ filtered signals. 
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Fig. 4.29 a) Polar plot of the normalized DQ signal (Fig. 4.18) for τ =0.5 ms. The 
values for Θ = 0-90° are representative here for all angles. b) Polar plot of the inverse 
of the normalized DQ signal (Fig. 4.18) for τ = 1.6 ms. The values for Θ = 0-90° are 
representative here for all angles. 
 
 
4.4.2.4 Dipolar encoded LM and DQ coherences for characterising the 
spatial distribution of chain orientation in stretched elastomers 
The possibility to map the strain distribution in elastomers is demonstrated in this 
chapter with the NMR-MOUSE® on a natural rubber band stretched to λ=2.5 in the 
direction of the main magnetic field, which has a cut at one side (see Fig. 4.20). The 
subsequently induced inhomogeneous strain distribution is similar to the one used for 
2H and for 1H mapping by NMR imaging [Klin1, Klin2, Schn3]. 
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Fig. 4.30 Stretching arrangement with the NMR-MOUSE for measuring the spatial 
distribution of the chain orientation in strained elastomers. The points labelled by 
numbers are the reading points, where the measurements were done.  
 
The spatial distribution of the chain orientation was recorded by measuring a Hahn 
echo for a fixed echo time, the value of the dipolar encoded longitudinal 
magnetization and of the double quantum signal for a fixed excitation/reconversion 
time (0.5 ms and 1.2 ms respectively). The pulse sequence depicted in Figure 4.3b 
was used. The investigated parameters show a direct dependence on the square of 
the second Legendre polynomial of second order ( )( )rP Θcos2 , where in our case the 
effective orientation angle (Θ ) can be defined between the direction of the applied 
force and the axis oriented perpendicular to the permanent magnet faces (z-
direction). The strong inhomogeneities in the orientation of the static magnetic field 
make the differences ( ) ( )mDQDQ II Θ−=Θ 0  and ( ) ( )900 =Θ−=Θ DQDQ II  different 
from the expected Θ  dependence given by the Legendre polynomial. Nevertheless 
we exploited these intervals for the evaluation of the anisotropy contrast of the 
reading points represented in Figure 4.18. The highest values are expected for the 
experimental points where the highest changes in the residual dipolar couplings exist 
as a result of increased segmental order induced by mechanical stress. 
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Fig. 4.31 The spatial distribution of the chain orientation of strained natural rubber 
band at λ=2.5 with a single cut weighted by residual dipolar couplings using the LM, 
DQ and Hahn echo signal intensities. On the x-axis the reading positions from Fig. 
4.20 are represented and position 1 and 2 are the average values of 1 with 1 and 2 
and 2 respectively. 
 
The highest strain is located at the centre of the cut (position 3 in Fig. 4.18), which is 
clearly represented by the highest values for the anisotropy contrast 
°°
− 900 II  and 
°°
− 550 II  (Fig. 4.19). The DQ weighted signal shows the highest contrast between 
these values (in comparison to LM and Hahn echo), due to the high sensibility of this 
parameter to the residual dipolar couplings. In the two lips of the cut (position 2 and 
2 in Fig. 4.18) the strain is lower than in the middle, but still higher than in position 1 
and 1. 
 
 
4.4.3 The transverse relaxation of the DQ coherences 
The transverse relaxation time of the DQ coherences T2DQ has been measured using 
the pulse sequence from Fig. 4.3 by keeping the excitation/reconversion times τ  
fixed and incrementing the evolution time 1t . Fig. 4.22 represents the decay of the 
normalized DQ intensity measured by the NMR-MOUSE® for NR1 in comparison with 
NR5 with a higher cross-link density.  
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Fig. 4.32 DQ relaxation curves for the natural rubber samples NR1 (○) and NR5 (▲) 
(cf. Table 4.4) using the NMR-MOUSE®. The curves have been recorded using the 
matched pulse sequence of Fig. 4.3, with fixed excitation/reconversion times τ  and 
variable evolution time 1t . 
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Fig. 4.33 DQ relaxation curves for the natural rubber samples NR1 (○) and NR5 (▲) 
(cf. Table 4.4) recorded with a Bruker DSX 500 NMR spectrometer. The curves have 
been recorded using the matched pulse sequence of Fig. 4.3, with fixed 
excitation/reconversion times τ  and variable evolution time 1t . 
 
After a monoexponential evaluation of the curves we get the times T2DQ (NR1): 1,5 
ms, resp. 0,5 ms for NR5. This meets ones expectations, that the DQ signal of the 
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higher cross-linked sample decays much faster than that from the lower cross-linked 
elastomer. If we mimic the same measurement in homogeneous fields employing 
Bruker DSX 500 NMR spectrometer one can observe a similar behaviour of the 
curves for the two samples (T2DQ (NR1): 0,3 ms, resp. 0,2 ms for NR5), but a much 
faster decay in comparison with the measurements in inhomogeneous fields. This 
effect is related to the differences between the transverse relaxation rates of double-
quantum coherences at 500 MHz and 20 MHz. 
 
 
4.4.4 DQ Decay Curves 
4.4.4.1 Natural rubber 
In order to improve the signal-to-noise ratio for the DQ filtered signals a new 
procedure was introduced based on the MERE pulse sequence (cf. Fig. 4.4b). The 
1H normalized DQ decay curves measured using the NMR-MOUSE® and the Bruker 
DSX 500 spectrometer for the natural rubber samples NR1 and NR5 which differ in 
cross-link density (cf. Table 4.4) are presented in Figs. 4.24 and 25, respectively. The 
ratio of the slopes for the fitted straight lines in 2´τ  involves the 2Dω  term (see Eq. 
[4.22]) for the two natural rubber samples NR5 and NR1. This ratio (see below) is in  
good agreement (within about 10%) with the ratio obtained from the measurements 
performed with the NMR-MOUSE®. 
 To justify the approximations used for the derivation of Eq. [4.22] a 
comparison between the 2Dω  values measured from DQ build-up and decay curves 
was made. For this purpose the data recorded with the Bruker DSX 500 spectrometer 
shown in Figs. 4.15 (see inset) and 4.25 were used. For the natural rubber samples 
NR1 and NR5 we get the ratios ≅
buildupDQ
NRD
buildupDQ
NRD 1
2
5
2 / ωω 2.5 from the data 
presented in the inset of the Fig. 4.15, and 3/
1
2
5
2 ≅
decayDQ
NRD
decayDQ
NRD
ωω  from the data 
shown in Fig. 4.25. Within the limit of experimental errors these ratios are in good 
agreement thus showing that the approximations involved in the derivation of Eq. 
[4.22] are reasonable. 
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Fig. 4.34: 1H normalized DQ decay curves for the natural rubber samples NR1 (∆) 
and NR5 (•) (cf. Table 4.4). The DQ decay curves have been recorded using the 
MERE pulse sequence of Fig. 4.4b. The DQ filtered signal recorded using the NMR-
MOUSE® versus 2´τ , where ´τ  is the mismatched reconversion time.  
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Fig. 4.35 The normalized DQ decay curves recorded with Bruker DSX 500 NMR 
spectrometer versus 2´τ . The pulse sequence of Fig. 4.4b was used with the pulse 
flip angle of about θ  = 600 and pulse delays identical to those used in the 
measurements with the NMR-MOUSE®. The DQ signals were normalized to the 
maximum intensity of the DQ build-up curves. The solid lines represent the best fit of 
the experimental data in the initial 2´τ  regime of mismatched reconversion. 
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 In order to investigate the possibility to use the NMR-MOUSE® sensor to 
measure the ratio of the total (intra- as well as inter-group) residual dipolar couplings 
of two samples, with one sample used as a reference, 1H DQ decay curves have 
been recorded for the natural rubber cross-link series of Table 4.4.The initial decay 
time regime τ ′  was exploited to evaluate the values of the square of the total residual 
dipolar coupling given by 2Dω  (cf. Eq. [4.22]). The measurements were performed 
on a NMR-MOUSE® and a Bruker DSX 500 spectrometer using the τ  values (cf. Fig. 
4.4b) corresponding to the maximum of DQ build-up curves for each sample in the 
cross-linked series. The residual dipolar coupling ratios 
2/12
1,
2/12
, / NRdNRid ωω , for 
different natural rubber samples labelled by indices i=1, 2, 3, 4 and 5 (see Table 4.4) 
are shown in Fig. 4.26 versus sulphur-accelerator content in phr. In the limit of 
experimental errors these ratios show a linear dependence. This linear dependence 
underlines again the validity of the simple model employed for evaluating residual 
dipolar couplings [Sot2] which has been used previously in studies of polybutadiene 
[Gra, Dem1, Gas] and synthetic 1,4-cis-polyisoprene [Schn1]. However, the lines in 
Fig. 4.26 do not cross the origin but provide a finite value for residual dipolar 
couplings for uncross-linked natural rubber. As noted before [Sot2] this is not in 
contradiction with the applied model, but reflects the influence of the local chain order 
(physical cross-links). It is evident from Fig. 4.26 that over the range of cross-link 
densities that have been examined, there is an about 80% increase in the normalized 
value of the residual dipolar couplings. The residual dipolar couplings measured in 
homogeneous and inhomogeneous magnetic fields differ by about 10% proving that 
the NMR-MOUSE® can provide quantitative values for relative 1H total residual 
dipolar couplings of elastomers. 
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Fig. 4.36 The normalized values of the residual dipolar couplings 
2/12
1,
2/12
, / NRdNRid ωω , for the cross-linked natural rubber series of Table 4.4 versus 
sulphur-accelerator content. These quantities are determined by measuring the 
slopes of the DQ decay curves represented versus 2´τ , (cf. Fig. 4.24). The ratios 
2/12
1,
2/12
, / NRdNRid ωω  for i = 2,3,4 and 5, are obtained from the data recorded using 
the NMR-MOUSE® (circles) and the Bruker DSX 500 spectrometer (triangles) 
employing the MERE pulse sequence (cf. Fig. 4.4b). The continuous and dashed 
lines represent the best fits of the 
2/12
1,
2/12
, / NRdNRid ωω  ratios measured with the 
NMR-MOUSE® and the DSX 500 spectrometer. 
 
 
4.4.4.2 Strained Elastomers 
Proton DQ decay curves have been recorded with the NMR-MOUSE® sensor for a 
relaxed (i.e., λ=1) and stretched (λ=2.25) natural rubber sample. The data are 
shown in Fig. 4.27. A better signal-to-noise ratio than in the initial regime of the build-
up curves can be obtained using filtered DQ decay curves recorded with the MERE 
method (Fig. 4.4). From the linear 2 'τ  dependence it is possible to evaluate the ratio 
of the square of the residual dipolar couplings (see above). We obtain the value 
73.0/
DQ
1
2
D
DQ
25.2
2
D ≅ωω
=λ=λ
 which is in a good agreement with the value of 0.7 
measured from dipolar encoded LM decays (see above). 
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Fig. 4.37 1H normalized DQ decay curves of the natural rubber sample NR1 for two 
elongation ratios λ=1.00 (•) and λ=2.25 (∆) measured by the NMR-MOUSE® in the 
initial excitation/reconversion time regime. The decay curves have been recorded 
using the MERE pulse sequence (Fig. 4.4). The DQ signals were normalized to the 
intensity of the Hahn echo recorded with the same echo time as that used for the 
decay curves. The solid lines show the linear dependence on 2τ  for the decay curves 
in the initial excitation/reconversion regime. 
 
 
4.4.5 Dipolar order 
4.4.5.1 Natural rubber 
Build-up curves of proton dipolar order originating from the residual dipolar couplings 
can be measured in elastomers using the NMR-MOUSE® i.e., in the presence of 
strongly inhomogeneous magnetic fields. Figures 4.28 and 4.29 show the DO build-
up curves recorded with the pulse sequence of Fig. 4.5b for the NR1 and NR5 
samples by the NMR-MOUSE® sensor and the Bruker DSX 500 spectrometer, 
respectively. As expected, the rising initial slope of the DO build-up curve for the 
natural rubber NR5 with the higher value of the cross-link density is larger than that of 
the sample NR1. The position of the maximum of the curves (dashed lines) are 
shifted as expected from the differences in residual dipolar couplings and transverse 
relaxation rates. Nevertheless, the maximum of the DO build-up curves measured 
with the Bruker DSX 500 spectrometer are both shifted to lower values compared to 
those measured with NMR-MOUSE®. This effect is related to the differences between 
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the transverse relaxation rates of single-quantum coherences at 500 MHz and 20 
MHz. 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16  NR1
 NR5
no
rm
al
iz
ed
 D
O
 in
te
ns
ity
τ [ms]
 
Fig. 4.38 1H normalized DO build-up curves for the natural rubber samples with 
different cross-link densities measured by the NMR-MOUSE®. The build-up curves 
have been recorded using the pulse sequence of Fig. 4.5 and the phase cycle of 
Table 4.3. The DO signals were normalized to the intensity of the Hahn echo 
recorded with the same echo time as that used for the DQ build-up curves.  
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Fig. 4.39 1H normalized DO build-up curves for the natural rubber samples with 
different cross-link densities measured with the Bruker DSX 500 NMR spectrometer. 
The build-up curves have been recorded using the pulse sequence of Fig. 4.5 and 
the phase cycle of Table 4.3.  
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 From Figs. 28 and 29 it is evident that the efficiency of detecting signals 
filtered according to DO in inhomogeneous low magnetic fields is almost an order of 
magnitude lower compared to that of experiments performed in homogeneous fields. 
Therefore, no effort was done to extract the ratio of the 1H residual dipolar couplings 
from the experiments performed with the NMR-MOUSE®. 
 
 
4.4.5.2 Strained Elastomers 
The DO build-up curves are also sensitive to the strain of elastomers. This effect is 
shown for the sample NR1 for the two elongation ratios λ=1 and λ=2.25 ( cf. Fig. 
4.30). The maximum of both DO build-up curves are shifted to shorter times 
compared to the corresponding DQ build-up curve. This effect is due to the 
differences in the encoding efficiency of 1H residual dipolar couplings. This efficiency 
of dipolar encoding is higher for the DO build-up curves compared to that for the DQ 
build-up curves as can be seen from the different multiplication factors of the 
( ) 22D τω  terms in Eqs. [4.17], and  [4.28], respectively. 
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Fig. 4.40 1H normalized DO build-up curves for the natural rubber sample NR1 for 
two elongation ratios λ=1.00 (•) and λ=2.25 (∆) measured by the NMR-MOUSE®. 
The build-up curves have been recorded using the pulse sequence of Fig. 4.5 and 
the phase cycle of Table 4.3. The DO signals were normalized to the intensity of the 
Hahn echo recorded with the same echo time as that used for build-up curves. The 
positions of the maximum for each build-up curve are marked by dashed lines. 
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4.4.6 Dipolar relaxation time 
The most obvious application of the Jeener echo is to measure T1D by plotting echo 
amplitude vs. time spent in a state of dipolar order. This is measured in elastomers 
using the NMR-MOUSE® i.e., in the presence of strongly inhomogeneous magnetic 
fields. Figure 4.31 illustrates the DO signal decays recorded with the pulse sequence 
of Fig 4.5b for the NR1 and NR5 samples by the NMR-MOUSE® sensor, by keeping 
the excitation/reconversion times τ  fixed and incrementing the evolution time 1t . As 
expected, the decay of the DO signal for the natural rubber NR5 with the higher value 
of the cross-link density is faster than that of the sample NR1, because of the 
differences in residual dipolar couplings and transverse relaxation rates. In 
comparison the other parameters studied in this work for cross-link series of 
elastomers, there are only small differences in the case of the dipolar relaxation time. 
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Fig. 4.4.41 DO relaxation curves for the natural rubber samples NR1 (○) and NR5 
(▲) (cf. Table 4.4) using the NMR-MOUSE®. The curves have been recorded using 
the pulse sequence of Fig. 4.4.5, with fixed excitation/reconversion times τ  and 
variable evolution time 1t . 
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4.5. Conclusions 
The possibility to excite and detect various multipolar spin states like dipolar encoded 
longitudinal magnetization, double-quantum coherences and dipolar order in strongly 
inhomogeneous magnetic fields was proved by experiments with the NMR-MOUSE®. 
To partially mimic the effects of the field inhomogeneities on the 
excitation/reconversion evolution of various multipolar spin states the methods 
employed were tested on a solid-state Bruker DSX 500 NMR spectrometer using the 
same pulse sequences as for the NMR-MOUSE® with an arbitrary value of the pulse 
flip angle. As was shown by the evaluation of the spin system response for an 
ensemble of dipolar coupled spin-pairs ½ the distribution of pulse flip angles in the 
inhomogeneous magnetic fields leads to the simultaneous excitation of many spin 
states. The success of filtering individual multipolar spin states in inhomogeneous 
fields is related mainly to the fact that even in inhomogeneous fields the phases of 
the radio-frequency pulses are the same for all the voxels in the sample. 
The newly introduced method of DQ decay curves is characterized by an 
improved accuracy in measuring the ratio of the residual dipolar couplings as a result 
of better signal-to-noise ratio as compared to the DQ buildup curves. Nevertheless, 
for optimum setting of this method, the DQ buildup curve has to be recorded first. 
Moreover, DQ decay curves are less sensitive to the changes in the value of the 
residual dipolar couplings as compared to the DQ buildup curves. It was also shown 
that samples having different values of the total residual dipolar couplings in a cross-
linked elastomer series can be compared quantitatively using the NMR-MOUSE. The 
method of the DQ decay curves can be also applied in the case of experiments done 
in homogeneous magnetic fields or under magic-angle sample spinning for 
measuring chemically site selective dynamic order parameters. Moreover, this 
procedure can be used for 1H NMR contrast filters to record parameter images of 
residual dipolar couplings in elastomers having better spatial resolution than images 
with filters based on DQ buildup coherences. 
 Compared to MQ coherences, the LM spin state is characterized by a larger 
NMR signal, which is an important feature especially for low-frequency NMR sensors 
like the NMR-MOUSE®. In principle, the LM spin state is excited simultaneously for 
spins in isotropic and anisotropic/restricted environments. Nevertheless, the decay of 
dipolar encoded LM with increasing the excitation/reconversion times is related to the 
solid-like behavior of heterogeneous soft solids. 
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 The possibility to detect signals filtered according to 1H dipolar order which 
originate only from the spins in the solid-like environments expands the sphere of 
applications of the NMR-MOUSE® for measuring macroscopic properties of 
elastomers and other soft solid matter affected by the segmental dynamics. The 
Jeener-Broekaert scheme [Jeen] is not the only method, which can be employed to 
produce DO. Also adiabatic demagnetization in the rotating frame could be used with 
the NMR-MOUSE®. The efficiency of this technique is expected to be higher than that 
of the Jeener-Broekaert method. 
 The sensitivity of the dipolar encoded LM, DQ coherences and DO to 
differences in cross-link density and strain was shown for samples of natural rubber. 
This extends the panoply of NMR parameters that can be used with the NMR-
MOUSE® for establishing structure-property relations of elastomer materials. 
Moreover, the DQ filtered signals were shown to be sensitive to the angle between 
the direction of the applied uniaxial force and the direction of the axis along the 
permanent magnet poles. The results of this work underline the benefits of the NMR-
MOUSE® for the analysis of stress-strain effects in elastomers. The use of residual 
dipolar couplings of protons as a physical quantity sensitive to the segmental 
orientation in the presence of inhomogeneous strain distributions in elastomers will 
significantly enhance the sphere of applications of the NMR-MOUSE®. The possibility 
to record proton dipolar encoded LM and DQ filtered NMR signals suggests the use 
of the NMR-MOUSE® for characterization of tissue order in connective tissues, 
muscles and blood vessels [Hak]. 
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5 New method for measuring segmental 
order in elastomers by the accordion magic 
sandwich 
 
 
5.1 The magic and the mixed echo 
Another type of echo successfully used particularly in NMR imaging experiments is 
the magic echo [Schn4, Rhim, Dem2]. Its feature is the efficiency of refocusing the 
homonuclear dipole-dipole interactions also in multi-center coupled spin systems, 
even after a time as long as T2 [Blü]. The solid echo does this only for isolated spin 
pairs (see chapter 3.3.1). After a 90° pulse with a phase direction chosen along the x 
axis of the rotating frame, time reversal is achieved by the magic sandwich, which 
consists of two spin lock pulses of duration of 4τ (called burst pulses), enclosed by 
two 90°y and 90°-y pulses (Fig. 5.1). If the phase of the last sandwich pulse is chosen 
to be –y, a magic echo is generated, whereas for the mixed echo the phase of the 
respective pulse is opposite [Kimm]. The mixed echo refocuses coherence loss from 
homo- and heteronuclear dipolar couplings as well as from linear spin interactions 
(see Table 5.1) like resonance offset, magnetic susceptibility and chemical shift [Mat]. 
The magic sandwich is followed by another free evolution interval of length τ after 
which the magic echo appears. The echo maximum representing the completely 
refocused coherences is reached after a cycle time of duration 6τ. The phase 
reversal of the burst pulses serves for the compensation of rotating frame phase 
shifts caused by B1 inhomogeneities (under a rotary echo occurring at 3τ).  
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Fig. 5.42 Magic (-y) and mixed (+y) echo pulse sequence. The 90° flip angle 
corresponds to a flip angle θ for the NMR-MOUSE® because of the flip angle 
distribution. 
 
The magic-echo pulse sequence selectively recovers spin coherences, which have 
been defocused by multi-center homonuclear spin interactions, i.e. dipolar couplings 
or quadrupolar couplings. Phase shifts caused by linear spin interactions and by 
heteronuclear spin couplings are not compensated. With Hahn two pulse echoes the 
situation is reversed. This pulse sequence refocuses only dephasings caused by 
linear spin interactions and by bilinear heteronuclear spin couplings (see Tab. 1).  
Magic echoes which are formed under dipolar or quadrupolar interactions selectively 
render signals of the rigid part of the objects, mixed echoes are sensible to rigid as 
well as soft materials [Blü]. 
 
Table 5.7  Comparison of the different echo types used in this chapter from the point 
of view of their refocusing the dephasing from different spin interactions. The detailed 
pulse sequences are depicted in Figs. 3.2 and 5.1. To the linear spin interaction 
belong the chemical shift and magnetic field inhomogeneities.  
 Hahn Echo 
90x-180y 
Solid Echo 
90x-90y 
Magic Echo 
90x-90y-αx- 
αx-90-y 
Mixed Echo 
90x-90y-αx- 
αx-90y 
Refocused  
spin 
interactions 
● linear  
● multi-center 
heteronuclear 
● two-spin  homo-
nuclear  
● partly multi-center 
homonuclear  
● partly linear 
● multi-center 
homonuclear 
●multi-center 
homonuclear 
● linear 
Not refocused 
spin 
interactions 
● multi-center 
homonuclear 
 ● linear 
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To validate the features of the different echo species, we measured the 
decays of the different echoes as presented in Table 1 on a cross-linked natural 
rubber sample (NR5) with the NMR-MOUSE® at 20.1 MHz. In Figure 5.2 the decay 
curves of the amplitude of the echoes are depicted, obtained by incrementing the 
echo time 2τ for Hahn and solid echoes and 6τ for magic and mixed echoes. The 
corresponding time constants, which were obtained by a monoexponential fit of the 
curves are also depicted in Fig 5.2. According to our expectation the fastest decay is 
the Hahn decay (T2 = 0.4 ms) because the homonuclear dipolar couplings are not 
refocused and add to the loss of signal intensity. The solid echo decays with a rate 
constant between the Hahn and magic echo, because of bilinear dipolar couplings 
are recovered but with the multi-center couplings. The mixed echo shows the slowest 
decay, as expected. 
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Fig 5.43 Comparison of the Hahn, solid, magic and mixed echo decays measured by 
the NMR-MOUSE® at a Larmor frequency of 20.1 MHz on a cross-linked natural 
rubber sample (NR5). The echo time is 2τ for Hahn and solid and 6τ for magic and 
mixed echoes. 
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5.2 The accordion magic sandwich [Wies3] 
 
5.2.1 Theory 
 
In the following we shall consider a multi-spin system with magnetically equivalent 
nuclei having spin I=1/2 interacting by dipolar couplings. This can be represented by 
a rigid system or soft solids, in particular elastomers, in which anisotropic molecular 
motions, fast on the NMR time scales, will lead to residual dipolar couplings [Sot2]. 
For both cases the secular dipolar Hamiltonian will be denoted by ( )0dH . The magic 
echo can refocus the spin system evolution for a multi-spin dipolar network under this 
homogeneous spin interaction [Kimm]. The refocusing of the excited single-quantum 
coherences by a rf pulse (represented by a 090 x  pulse (cf. Fig. 5.1)) is performed by a 
composite pulse called magic sandwich (MS), i.e., 0y90 -burst pulsex-burst 
pulse 0yx 90− . A high refocusing efficiency of the MS is given by the condition: 
dB ω>>ω1  where B1ω  is the angular frequency of the burst pulses and dω  is the 
angular frequency corresponding to the dipolar local field. This is easily fulfilled, 
especially for soft solids. These materials are highly heterogeneous from the point of 
view of molecular motions. Therefore, inhomogeneous echoes can be generated. If 
at the end of the MS a 0180 y  pulse is added, the transverse magnetization dephasing 
produced by homogeneous as well as inhomogeneous interactions can be refocused 
under a mixed echo [Mat]. For a dipolar solid in homogeneous magnetic fields the 
maximum amplitude of the mixed echo is obtained for the pulse sequence: 
( ) ( ) EchoMixed902pulseburst2pulseburst9090 0yxx0y0x −−−−−−− ττττ ,  
presented in Fig 5.1. The amplitude of the mixed echo is not encoded by dipolar or 
inhomogeneous spin interactions, like external magnetic field inhomogeneities, 
magnetic sample susceptibility effects, heteronuclear couplings, etc. (see Table 5.1). 
Nevertheless, the echo amplitude is affected by the relaxation in the laboratory and 
rotating reference frames. 
 One possibility to encode the amplitude of the magic echo by the homonuclear 
dipolar interactions is to use a mismatched MS, i.e., ( ) −−+− 0y0x 90n∆90 τ  
( ) ( ) ( ) Echon∆90n∆2pulseburstn∆2pulseburst 0yxx −+−−−−− τττ  where n is a 
5   New method for measuring segmental order in elastomers by accordion magic sandwich 75     
positive or negative integer number ( Zn∈ ) and ∆  is the decrement or increment 
time, respectively. We shall call this mismatched MS composite pulse with variable n 
as accordion magic sandwich (hereafter AIMS). Another possibility to produce dipolar 
encoding is given by the use of yθ  sandwich rf pulses or off-resonance burst pulses. 
 
 
 
Fig 5.44 The AIMS pulse sequence. θ is the 90° flip angle for the NMR-MOUSE® 
because of the flip angle distribution [Wies3]. 
 
 In order to evaluate the spin system response to the AIMS sequence we have 
to define the propagators active during the time intervals (1)-(4) depicted in Fig. 5.3. 
We can write 
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   [5.1] 
where the total Hamiltonian in the on-resonance rotating reference frame is RH , and 
( )zyx I,I,II  is the spin operator vector. The total Hamiltonian is given by 
    ( ) inhdR HHH += 0 ,      [5.2] 
where ( )0dH  is the secular multi-spin dipolar Hamiltonian and inhH  is the Hamiltonian 
describing the inhomogeneous spin interactions, i.e., interactions linear in spin 
operator zI . 
 The propagator describing the MS can be written from eq. [5.1] and has the 
form 
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where the 090 y  and 
090 y  pulses have the propagators 






= yy IiP 2
πexp  and 






−= yy IiP 2
πexp , respectively. The Liouville operator is defined by 1OOO −≡ ρρˆ , 
with 11 =−OO . If the strength of the burst pulses is fulfilling the conditions: dB ω>>ω1 , 
and inhH>>B1ω , where inhH  is the norm of the Hamiltonian inhH  this Hamiltonian 
can be neglected in the spin evolution during burst pulses as well as nonsecular 
dipolar Hamiltonian. From eq. [5.3] the burst propagator can be written as 
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−−−= τωτω 0d
0
d iexpiexp HH , [5.4] 
and finally has the form 
    ( ) ( ){ }( )22 yPnB ∆−= τ0diexp H .    [5.5] 
 Using the above equations the total propagator corresponding to the AIMS 
pulse sequence (cf. Fig. 5.3) can be obtained and the evolution of the spin system 
density operator ( )tσ  at the time t=6τ (corresponding to the matched magic echo for 
n=0) is given by  
    ( ) ( )0ˆˆˆˆ6 14 ρτρ xPEBE= ,     [5.6] 
Initially, the spin system is in the thermodynamical equilibrium in the static magnetic 
field therefore, ( ) zI∝ρ 0 . Using eqs. [5.1] and [5.5] we can get for eq. [5.6] 
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It is evident from the above equation that in the limit of intense burst pulses the 
refocusing pulse glue at the end of the MS is refocusing inhomogeneous spin 
interactions at t=6τ producing a Hahn (or inhomogeneous) echo as long as the 
periods of free evolution are of the same duration. Therefore, the amplitude of the 
NMR signal at t=6τ is not encoded by inhomogeneous spin interactions. 
 The signal obtained by the AIMS pulse sequence which is dipolar encoded 
and normalized to the mixed echo signal for n=0, has the form 
    ( )( )
( ) ( ){ }{ }
{ }2
3ˆ
0
3
y
yy
I
InI
S
nS
Tr
iexpTr 0d ∆−
=
∆ H .   [5.8] 
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Eq. [5.8] shows that the amplitude of the Hahn echo measured at a moment of time 
t=6τ is encoded by the homonuclear dipolar couplings and the time parameter 
corresponding to this encoding is given by 3n∆. The above equation describes the 
case of AIMS with n>0, i.e. for compressed MS (as shown in Fig. 5.3) or for n<0, 
corresponding to stretched MS. The dipolar encoding is not symmetric around the 
value n=0 (vide infra). It is evident from eq. [5.7] that a magic echo with the amplitude 
not affected by the dipolar interactions is present at a moment of time t=6τ+2n∆. As 
the experimental parameter n is changing from positive to negative values the magic 
echo is moving around the Hahn echo occurring at t=6τ. Actually, the AIMS pulse 
sequence produces a time disentanglement of the mixed echo present at t=6τ. The 
dipolar encoding occurs because the Hahn echo is sampling the magic echo shape. 
 We neglected so far the effect of transverse relaxation during the coherence 
evolution in the laboratory and the rotating reference frames. In the presence of this 
effect the normalized signal described by eq. [5.8] is given by 
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where 2T  and ρ2T  are the transverse relaxation times in the laboratory and rotating 
frames, respectively. It is easy to see from eq. [5.9] that a combination of signals 
taken with AIMS with n+  and n−  given by 
    
( ) ( )
( ) ( )
2
2 30
33
∆=
∆−∆
nG
S
nSnS
,   [5.10] 
is not encoded by the transverse relaxations. The function ( )tG  describes the magic 
echo shape affected only by dipolar couplings and is given by 
    ( )
( ) ( ){ }{ }
{ }2
ˆ
y
yy
I
ItI
tG
Tr
iexpTr 0dH−
= .   [5.11] 
Of course, this function describes the free induction decay of the solid-like part of an 
elastomer [Kimm] and can be represented as an expansion in the van Vleck 
moments [Kimm]. In the short time limit, i.e. for 13 <<ω∆ dn  we get from eq. [5.10] and 
eq. [5.11], 
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33
, [5.12] 
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where 2M  and 4M  are the second and forth van Vleck moments, respectively 
[Kimm]. In the presence of anisotropic molecular motions like in the polymer networks 
the residual van Vleck moments (hereafter nM 2 ) can be measured using the 
procedure defined by eq. [5.12]. 
 The raw data used for generating the combined NMR signal described by eq. 
[5.12] are given by the normalized amplitude of the Hahn echo taken at t=6τ which 
samples the shape of the magic echo (see eq. [5.9]). The signal described by eq. 
[5.9] can be written in a good approximation for 13 <<ω∆ dn , 
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We can evaluate the dependence of this normalized signal on the mismatch 
parameter n∆ (defined in Fig. 5.3) for an elastomer (see below).  
 
5.2.2 Experimental 
A cross-linked elastomer sample based on commercially available natural rubber 
(NR5) SMR10 (Malaysia) was investigated. The additives were 3 phr (parts-per-
hundred-rubber) ZnO and 2 phr stearic acid. The sulfur and accelerator contents are 
5-5 phr. For the sample preparation see chapter 4.3.1. 
The 1H measurements were done at 20.1 MHz, the recycling delay was 0.5 s, 
pulse length 2.5 µs (10 dB attenuation) and 400 scans. The echo time is 2τ for Hahn 
and solid and 6τ for magic and mixed echo. By the AIMS measurements a time 
period of 50 µs (n∆) was sampled with an increment factor of 2 µs (∆). 
 
 
5.2.3 Results 
To prove the main features of the accordion magic sandwich pulse sequence , the 1H 
signal in a cross-linked elastomer sample NR5 (chapter 4.3.1) was detected by the 
NMR-MOUSE®. The results are depicted in Figure 5.4. For n∆ = 0 the condition of a 
perfectly timed mixed echo is fulfilled, only one echo is detected. The mixed echo 
present at the moment of time 6τ consists of a superposition of a magic and a Hahn 
echo. If a change in the duration of the magic sandwich is allowed (positive and 
negative n correspond to expanding and compressing the magic sandwich, 
respectively), two features are evident in the spin system response: 
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• The amplitude of the mixed echo varies (cf. Fig. 5.5). 
• Two echoes are evident for negative values of n (cf. Fig. 5.4). We have to 
point out that this effect is not symmetric, as it is shown in Fig. 5.5. This 
asymmetry is due to the enhanced effect of transverse relaxation for positive 
values of n (cf. eq. [5.13]). This is directly related to the fact, that the time 
period where the Hahn echo maximum appears, does not change, while the 
maximum of the magic echo is shifted in time.  
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Fig. 5.45 The acquisition time window of the mixed echoes for different accordion 
times n∆. The echo amplitudes vary by compressing the duration of the magic 
sandwich. The receiver window was open around the value of the echo time 6τ taken 
as origin in the picture. 
 
The normalized signal intensity at the echo time 6τ is presented in Fig. 5.5 
versus 3n∆, the accordion time. From eq. [5.13] it is evident, that the variation of the 
mixed echo amplitude around the value 3n∆ = 0 is in good approximation linear in 
3n∆. This is valid only in the regime n∆<<T2 and n∆<<T2ρ. For higher values of 3n∆ a 
polynomial dependence is expected. This is comprehensible from Figure 5.5 for 3n∆ 
higher than about 100 µs. 
Using the data of Figure 5.5 the pure residual dipolar coupling encoded AIMS 
signal (cf. eq. [5.12]) is presented in Fig. 5.6. The combined data are obtained by 
multiplication of the normalized intensities of the signal corresponding to the 
expanding and compressing values of the magic sandwich at the same time interval 
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3n∆. The signal is not encoded by the transverse relaxation and exhibits a linear 
decay with (3n∆)2. No attempt was made at this stage (before we can compare the 
data obtained in homogenous magnetic fields) to extract a value for the residual van 
Vleck moment.  
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Fig. 5.46 The normalized signal intensity versus accordion time 3n∆. A linear 
dependence around the mixed echo detected for the magic sandwich length of 4τ 
(3n∆ = 0) is accentuated by a straight line.  
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Fig. 5.47 The pure residual dipolar coupling encoded AIMS signal. The multiplication 
of the normalized intensities of the signal corresponding to the expanding and 
compressing values of the magic sandwich with the same rate 3n∆ is displayed. 
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5.2.4 Conclusions 
A new NMR method for the investigation of segmental order in soft solids including 
elastomers via residual van Vleck moments is introduced [Wies3]. It is based on the 
accordion mixed echo. The main features of this method are related to the fact, that 
the multi-spin character of the proton dipolar network present in elastomers is taken 
into account. The theory explaining the attributes of the method was developed for 
homogeneous fields to predict the properties of the detected signal1. Because of the 
difficulties related to the distribution of the flip angles encountered in the presence of 
strongly inhomogeneous magnetic fields, this preliminary work has to be confirmed 
by measurements in homogeneous magnetic fields. These qualitative predictions of 
the theory are nevertheless in good agreement [cf. Fig. 5.6] with the data obtained on 
a cross-linked elastomer with the NMR-MOUSE®. 
                                                 
1 developed by Prof. Dr. D. Demco 
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6 Integral dispersion of rotating frame spin-
lattice relaxation time  
 
6.1 Spin locking 
Spin locking is a technique for inhibiting the signal decay in the transversal plane, 
caused by the field inhomogeneities and local fields. Consider as simple pulse NMR 
experiment described in terms of the classical formalism. A 90° pulse along the x’ 
axis in the rotating frame generates transverse magnetization along the y’ axis. If a 
second pulse is now applied along the y’ axis, the magnetization will effectively be 
locked along this axis by the rf field. The spins are locked if the amplitude 1ω  of the 
lock field is larger than the strength of the dipole-dipole couplings. In the rotating 
reference frame the magnetization experiences only the B1 field and not the B0 field 
when the rf is applied exactly on resonance. Efficient spin-locking requires that off-
resonance effects are compensated, such as that all nuclei experience the same 
effective field. Therefore under spin-locking conditions the B1-field plays the role of 
the static field in the rotating frame, which means that relaxation in the direction of B1 
(i.e. along the y axis depending on the phase of the spin-lock field) is similar to spin-
lattice relaxation. The magnetization will relax to a zero equilibrium value with an 
exponential time constant T1ρ on the basis of the fact that the magnetic field in the 
rotating frame possesses a much smaller value than the static field (T1ρ >> T2) (for 
more details see [Blü]). 
The situation is more complicated for the NMR-MOUSE®. The carrier 
frequency deviates from resonance because of the field inhomogeneities of the NMR-
MOUSE®. Therefore the effective field is tilted toward the z-direction at angles θ  
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other than 90° (see Fig. 6.1). The angle θ  and the amplitude of the effective field are 
given by 
γω
θ
/0
1
rfB
B
+
=tan ,     [6.1] 
and 
( ) effrfeff BBB γωγω −=++= 2021 /    [6.2] 
respectively. The effective relaxation rate ( eff,1ρT )
-1 is a combination of the longitudinal 
relaxation rate in the laboratory and in the rotating frame: 
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111
TTT
+=    [6.3] 
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Fig. 6.48 Magnetic fields in the rotating frame [Blü]. Depending on the offset of the 
NMR frequency from the rotation frequency rfω  of the rotating frame, a fictitious 
magnetic field acts along the z-direction. The vector sum of Bfic and the B1 forms the 
effective field Beff around which the magnetization is rotating with the frequency effω . 
 
The tilt angle becomes thus a function of the position in the sample. In the 
highly inhomogeneous fields of the NMR-MOUSE® we actually record an integrated 
value of the spin-lattice relaxation time in the rotating frame as a result of different 
relaxation times for each voxel of the sample. In the locking interval, spin-lattice 
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relaxation is determined by effective angular frequencies )(r

effeff ωω =  which are 
spatially distributed according to the field gradient. This integral can be performed 
numerically from a given distribution of the static and rf fields [Bal]. On the other 
hand, the frequency dependence of T1ρ in combination with the highly 
inhomogeneous fields in which we handle results in an integrated dispersion of the 
T1ρ. 
 
 
5.2 Pulse sequence and theoretical procedure 
Through spin-locking of the magnetization along the direction of the effective field, 
the energy relaxation time in the rotating frame T1ρ can be measured. For measuring 
the spin-lattice relaxation time in the rotating frame by the NMR-MOUSE® in highly 
inhomogeneous fields we used a pulse sequence analogous to the LOSY (Lock 
Selective Spectroscopy) [Wies4]. With this technique [Rom1, Rom2] slice selection is 
performed by spin locking the magnetization after excitation by a 90° preparation 
pulse in the presence of a gradient of the external field B0. In the case of the NMR-
MOUSE® the field has in a good approximation a quadratic profile [Blü], so that we 
can utilize this technique to test if a volume selection occurs. 
The spin-locking efficiency is spatially restricted. If the amplitude of the spin-
locking rf field is much greater than that of the local fields, that is 
locBB
SL >>)(1       [6.4] 
any spin couplings other than inhomogeneous Zeeman interactions can be 
neglected. This case is named the liquid state limit. The solid-state limit is defined by 
locBB
SL
≈
)(
1       [6.5] 
In this case dipolar couplings are relevant during the spin-locking process. The 
effective fields during the rf pulses tend to be oriented in directions other than those 
of the rotating frame axis. Therefore transformations to the tilted rotating frame are 
necessary. 
The pulse sequence for measuring the T1ρ relaxation rate by the NMR-
MOUSE® is illustrated in Figure 6.2. The spin-lock effect is observable by the NMR-
MOUSE® despite the large resonance offsets and the strong variations of B1 within 
the spatial coordinates [Gut1].  
 
6   Integral dispersion of rotating frame spin-lattice relaxation time 86 
 
 
Fig. 6.49  Schematic representation of the pulse sequence used for measuring T1ρ 
with the NMR-MOUSE® at 20.1 MHz. It consists of a preparation pulse xθ  and a 90° 
phase-shifted spin-lock pulse (amplitude B1SL). After a refocusing pulse yθ2  the 
signal intensity of the following echo was recorded as a function of the length of the 
spin-locking pulse, which was incremented after a waiting time τ0. 
 
From the experimental point of view T1ρ is a very good parameter for the 
characterization of ultra slow molecular motion on the time scale of 11
−ω  (kHz region), 
because 1ω  can be adjusted via the spin-lock power [Blü]. In principle, if we try a 
relaxation experiment in a smaller static field, to sample this slow regime of molecular 
motions, the sensitivity is poor because S/N is proportional to B0. The T1ρ  technique 
maintains the sensitivity of the high field measurement while probing relaxation in a 
low field regime. 
 
 
6.3 Experimental 
6.3.1 Samples 
A series of differently cross-linked elastomer samples based on commercially 
available natural rubber (NR) SMR10 (Malaysia) was investigated. The additives 
were 3 phr (parts-per-hundred-rubber) ZnO and 2 phr stearic acid. The sulfur and 
accelerator contents are 1-1 phr for the sample NR1 and 5-5 phr for NR5. The 
accelerator is of the standard sulfenamide type (TBBS, benzothiazyl-2-tert-butyl-
sulfenamide). After mixing the compounds in a laboratory mixer at 500 C, the samples 
were vulcanized at 1600 C in a Monsanto MDR-2000-E vulcameter. The degree of 
cross-linking was measured by the low frequency shear modulus at a temperature of 
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1600 C in the vulcameter directly after the vulcanization. The measurements were 
performed with an oscillation amplitude of ± 0.50 and a frequency of 1.67 Hz. 
 
 
Table 6.1 Cross-link series of natural rubber. 
Sample Sulphur-accelerator content (phr) 
NR1 1-1 
NR2 2-2 
NR3 3-3 
NR4 4-4 
NR5 5-5 
 
For the experiments performed under mechanical stress a simple home build 
stretching device was used. The natural rubber bands had dimensions of 180 mm x 
35 mm x 4 mm in the unstrained state. The NMR-MOUSE® was positioned below the 
rubber band in contact with the surface of the rubber band. The width of the band 
was larger than the diameter of the radio-frequency coil of 13 mm. 
 
 
6.3.2 NMR Experiments 
The 1H NMR experiments in inhomogeneous fields were performed with a home 
made NMR-MOUSE® sensor equipped with a Bruker Minispec spectrometer 
operating at a carrier frequency of 20.1 MHz. The pulse length employed in all the 
measurements was 2.5 µs (pulse attenuation 10 dB), and the recycling delay 1s for 
the rubber samples and 8 s for water. The decay curves for determining T1ρ were 
recorded using the pulse sequence from Fig. 6.2 by incrementing the spin lock time. 
0τ  was  0.5 ms, and the echo time τ  = 0.2 ms The spin-lock amplitude was constant 
at 20 dB, and 15 dB for the angle dependent measurements. The intensity of the 
signals for the spin lock pulse length of SLτ  = 0.8 ms were measured for the NR1 
band with λ=2.6 versus the angle Θ  between the direction perpendicular to the 
magnet poles and the direction of the stretching force. These measurements can 
easily be performed with the NMR-MOUSE® sensor. 
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6.4 Results 
6.4.1 Spin-lock time dependence on volume selection 
The volume selection which appears by recording the spin-lattice relaxation decay in 
the rotating frame under strong field gradients is studied by the NMR-MOUSE® on a 
water sample [Wies4]. The liquid-state limit is valid because the dipolar couplings are 
averaged out by Brownian motion. The spin interactions which produce the local field 
in the tilted rotating frame are negligible against the spin locking field B1. 
In the inhomogeneous magnetic fields of the NMR-MOUSE® the excitation tip 
angle is 90° only in a couple of voxels in the sample, so that the total magnetization 
is transverse and can be spin-locked. The consequence is a residual    component of 
the local magnetization immediately after the excitation pulse. During the spin-lock 
pulse the z magnetization precess about the instantaneous effective field Beff. These 
components  are always perpendicular to the spin-locked magnetization and subject 
to transverse relaxation in the rotating frame and decay with the time constant ∗ρ2T  
2
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Gz represents the field gradient in the z direction. If ρρ 12 TT <<
∗  and *20 ρτ T>  no 
contribution to the acquired signal is expected and the spin-lattice relaxation 
experiment is not affected. Under such conditions the signal only depends on the 
ratio 1/ BGz  [Dem]: 
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In Figure 6.3 we present the dependence of the signal intensity on the locking time 
by using the pulse sequence illustrated in Fig. 6.2. It is obvious that after the time 
interval at the beginning (τ0 = 0.5 ms) where the magnetization evolves around the 
effective field and decays with ∗ρ2T  (much shorter than ρ1T ), no volume selection is 
present.  
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Fig. 6.50 Dependence of the echo signal intensity on the duration of the spin lock 
pulse (Fig. 6.2) for ]max[ *2ρτ TSL >>  recorded with the NMR-MOUSE
® on a water 
sample. The spin lock pulse length SLτ  was incremented for a fixed value of 0τ  = 0.05 
ms, and the echo time was τ  = 0.2 ms. The spin-lock amplitude was 20 dB. 
 
 
6.4.2  The influence of the spin-lock field strength on volume 
selection 
We expect a linear relationship of the excitation profile and the spin-lock rf amplitude 
for the solid state as well as for the liquid state limit [Dem] (see eq. [6.7]). For the 
natural rubber samples the measurements confirm our expectations (Fig. 6.4). If the 
lock pulse attenuation is higher (the rf amplitude is lower) the signal intensity is going 
down, that means that the selected volume of the sample is smaller. The water 
sample shows the same trend, but less accurate. The reason could be the 
oscillations we have at 0.8 ms by measuring the decay of the signal versus lock pulse 
length (compare Fig. 6.3). 
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Fig. 6.51 Dependence of the signal intensity on the lock-pulse attenuation measured 
by the NMR-MOUSE® at 20.1 MHz for water and two samples of natural rubber with 
different cross-link density (NR1 and NR5, see Tab. 6.1) and water. The pulse 
sequence used is illustrated in Fig. 6.2 and the spin lock pulse length was fixed at 
SLτ =0.8 ms, and the echo time was τ  = 0.2 ms. The spin-lock amplitude was 
incremented between 15-20 dB. 
 
 
 
6.4.3 The integrated dispersion of the T1ρ in different cross-linked 
elastomers 
First of all we demonstrate the monoexponential decay of the spin lock behavior for 
three different cross-linked natural rubber samples. Here the spin couplings are 
relevant during the spin locking pulse. The local field is assumed to be produced by 
dipolar interactions between the nuclei, therefore a difference in the cross-link density 
of the elastomer sample should be easy to detect by the NMR-MOUSE®. We would 
actually expect a biexponential decay in elastomers. In our case it is possible that the 
solid like component disappears because of the long 0τ  (0.5 ms) and we detect only 
the liquid like part of the curve [Wies4]. 
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Fig. 6.52  Monoexponential decay of the signal intensity measured with the pulse 
sequence of Fig. 6.2 by the NMR-MOUSE® for three different cross-linked natural 
rubber samples NR1, 3, 5 (see Tab. 6.1). The spin lock pulse length SLτ  was 
incremented for fixed value of 0τ  = 0.5 ms, and the echo time was τ  = 0.2 ms. The 
spin-lock amplitude was 20 dB. 
 
In Figure 6.6 the spin-lattice relaxation rate in the rotating frame is recorded 
versus cross-link density. A nonlinear dependence can be identified. This agrees with 
the transversal relaxation measurements done with the NMR-MOUSE® for a SBR 
cross-link series [Gut2].  
In contrast to the laboratory frame, spin-lattice relaxation in the rotating frame 
is indicative of slow motions with rates in the frequency regime of effeff Bγω =  defined 
by the spin-lock pulse amplitude. Molecular fluctuations in this range are also 
relevant for transverse relaxation. Therefore the T2 and T1ρ relaxation curves should 
be similar.  
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Fig. 6.53 Spin-lattice relaxation rate in the rotating frame for a different cross-link 
series of natural rubber measured by the pulse sequence represented in Fig. 6.2 with 
the same parameters as those given in Fig. 6.4. The cross-link density is described 
by the amount of sulphur in parts per hundred rubber (phr).  
 
 
6.4.4 The integrated dispersion of T1ρ on strained elastomers 
The dependence of 11
−
ρT  on the extension ratio λ is not linear (Fig. 6.7). For λ values 
larger than 1 the interchain dipolar interactions between 1H have to be taken into 
account. This was shown for the full width at half-height measured from SQ NMR 
spectra vs the extension ratio of a natural rubber band [Schn3]. The curves are very 
similar to those in the Fig. 6.8, where the transverse relaxation ratio is presented. At 
a value of 25.2≈λ  there is a sharp bend indicating the stress induced crystallization. 
In the case of T1ρ after the sharp bend, the spin lattice relaxation rate remains 
roughly constant. This is because of the fact that both are related to the slow 
molecular motion, but in the case of T1ρ the dipolar couplings are reduced by half in 
the rotating reference frame [Kimm]. 
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Fig. 6.54  Spin-lattice relaxation rate in the rotating frame as a function of the 
elongation ratio measured with the spin-lock pulse sequence (Fig. 6.2). The spin lock 
pulse length SLτ  was incremented for a fixed value of 0τ  = 0.5 ms, and the echo time 
τ  = 0.2 ms. The spin-lock amplitude was 20 dB. Dotted lines are drawn through the 
points to indicate that the trends in the data differ for lower and larger values of the 
uniaxial extension. 
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Fig. 6.55  Transverse relaxation rate measured with a Hahn-echo pulse sequence by 
the NMR-MOUSE®. Dotted lines are drawn through the points to indicate that the 
trends in the data differ for lower and larger values of the uniaxial extension. 
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6.4.5 The anisotropy of T1ρ 
In ordered tissues the transverse relaxation rate 1/T2 is known to exhibit the magic 
angle phenomenon [Hak]. Due to the anisotropic structure of a strained elastomer 
the transverse relaxation rate shows an angular dependence on the square of the 
second Legendre polynomial ( )( )rP Θcos2 , having a minimum for the magic angle 
[Hai]. This is related to the fact, that the residual dipolar and quadrupolar couplings 
depend on the angle between the direction of the static magnetic field B0 and the 
direction of the applied uniaxial stretching force for elastomer materials [Call, Sot]. In 
the case of the NMR-MOUSE® because of the B0 inhomogeneities an effective 
orientation angle (Θ ) can be defined between the direction of the applied force and 
the axis oriented perpendicular to the permanent magnet faces (z-direction). 
The angular dependence of the transverse relaxation rate measured with the NMR-
MOUSE® for a NR band with λ =2.6 using a Hahn echo pulse sequence is shown in 
Fig. 6.9b). The dependence shows a broad minimum around an angle close to the 
magic angle of mΘ  = 54.7
0. By recording the angular dependence of T1ρ as a function 
of the orientation angle with the NMR-MOUSE® under the same conditions a similar 
trend related to the square of the second Legendre polynomial is not observable (Fig. 
6.9a). Although in our case the solid state limit dominates, where loc
SL BB ≈)(1  and the 
spin couplings are relevant, the sensitivity of T1ρ rate does not exceed the margin of 
the error of the NMR-MOUSE® measurements. Let us compare the x-scale of both 
graphs in Fig. 6.9. A simple rough calculation of 100
max
minmax
⋅
−
x
xx , where maxx  and minx  
are the maximum and minimum value of the T1ρ and T2 rates for Figs. 6.9a and b 
resp., result to 40 % for the T2 curve, while for the T1ρ this value is just 10 %. This 
means that it is easier to show the angular dependence by the use of the T2 
measurements. Nevertheless, Fig. 6.10 shows the right dependence of the signal 
intensity for a fixed value of SLτ  as a function of the angle Θ , although by repeating 
the calculation mentioned above we obtain a value of about 10%. This is obvious 
because by recording only one point of the decay the experimental conditions are 
more suitable (duration, temperature constancy, selected volume, evaluation etc.), so 
that the measurement is more accurate. In chapter 4, Figure 4.10 illustrates the 
angular dependence of the Hahn echo for a fixed echo time and is fully comparable 
with our results from the spin-lock experiment. 
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Fig. 6.56 a) Angular dependence of the spin-lattice relaxation rate in the rotating 
frame for the natural rubber sample NR1 with elongation ratio λ=2.6 measured by 
the NMR-MOUSE®. The angle between the direction of the uniaxial stress force and 
the axis perpendicular to the faces of the permanent magnet is denoted by Θ . The 
T1ρ decays have been recorded using the pulse sequence of Fig. 6.2 by incrementing 
the spin-locking time SLτ  for a fixed τ0 = 0.5 ms. Straight lines are drawn only as a 
guide for the eyes. b) Angular dependence of the transverse relaxation rate for the 
same natural rubber sample NR1 with elongation ratio λ=2.6 measured by the NMR-
MOUSE®. 
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Fig. 6.57 Angular dependence of the echo intensity for the natural rubber sample 
NR1 with elongation ratio λ=2.6 measured by the NMR-MOUSE® with the pulse 
sequence of Fig. 6.2 by a fixed spin-locking time SLτ  = 0.8 ms. The angle between 
the direction of the uniaxial stress force and the axis perpendicular to the faces of the 
permanent magnet is denoted by Θ . 
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7 General conclusions and outlook 
The general objectives of this work are related to the methodology of NMR in grossly 
inhomogeneous fields, especially of the NMR-MOUSE®, and its applications in the 
material science. New and traditional techniques have been developed and 
implemented for the NMR-MOUSE®, having as ultimate goal the enlargement of its 
range of applications. Moreover, with the aid of a mobile NMR sensor the newly 
introduced methods give access to new types of information, like the segmental 
orientation and the slow motion of polymer chains in cross-linked elastomers. The 
final aim is to correlate the respective NMR parameters with the structural and 
viscoelastic properties of the respective polymer. 
High resolution NMR has become a standard method for chemical analysis in 
industry. Nevertheless, the possibility to use a mobile magnet to scan over an object 
otherwise inaccessible to NMR becomes more and more important. As a price for the 
practical advantages of such device where the sample is placed outside the magnets 
for acquiring magnetic resonance information, we have to fight with the 
accompanying handicap, the spatial inhomogeneities of the magnetic fields.  
The results of the investigations can be summarized as follows: 
1. An attempt was made to detect high resolution spectra in elastomers by the 
NMR-MOUSE®. In principle this is feasible, using a train of Hahn echoes, which 
gives a signal encoded by homonuclear dipolar couplings, but not by field 
inhomogeneities and heteronuclear dipolar couplings. The polymeric system 
considered in the context of this work comprised fluorinated elastomers. 
Unfortunately the intergroup homonuclear dipolar couplings were too strong so 
that a Pake doublet could not be resolved. This effect was also evident from 
measurements performed in homogeneous high magnetic fields. Furthermore in 
the situation of the NMR-MOUSE® measurements, the strong field 
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inhomogeneities are not fully refocused by the radio-frequency pulses. In the low, 
inhomogeneous magnetic fields it would be suitable to take an oriented sample, 
like a stretched elastomer or fiber. In this case the dipolar couplings are more 
pronounced but at the same time the T2 becomes shorter and difficult to record 
with the NMR-MOUSE®. An improved NMR-MOUSE® with much shorter dead-
time and without any background signal would be a remedy. 
2. Multipolar spin states like, dipolar encoded LM, DQ coherences and dipolar 
order were excited and detected for the first time in strongly inhomogeneous 
magnetic fields [Wies2]. Suitable pulse sequences were developed for filtering 
individual multipolar spin states after simultaneous excitation caused by the 
inhomogeneous fields. A new method for detection of 1H DQ filtered signals using 
the decay curves with improved signal-to-noise ratio was developed suitable for 
the NMR-MOUSE® [Wies1]. The residual dipolar couplings are affected by the 
cross-link density, as well as by local strain. This fact was evidenced in the 
context of this work using the NMR-MOUSE®. To validate the method and the 
results obtained in inhomogeneous fields, we additionally performed the 
measurement in homogeneous magnetic fields. 
Moreover, the anisotropy of the local strain, which affects the chain orientation 
was measured by multipolar spin states in stretched elastomers. In soft samples 
with a macroscopic induced orientation of the segments, the transverse relaxation 
is anisotropic, the dipolar interactions follow the molecular orientation. For large 
samples the use of single-sided NMR is recommendable, since the measuring 
device can be rotated with respect to the object. As an additional promising future 
application, the possibility to map the space distribution of the strain in elastomers 
was investigated for the first time using the NMR-MOUSE®. The use of residual 
couplings of protons as a physical quantity sensitive to the segmental orientation 
in the presence of a heterogeneous strain distribution in elastomers extends the 
field of applications of the NMR-MOUSE®. The main challenge of the DQ signals 
is related to perform chain orientation measurements even in the presence of 
liquids, whose contribution to the acquired signal is minimized.  
3. A further method for characterizing the segmental order in elastomers, based 
on residual van Vleck moments was implemented [Wies3]. First of all, the 
possibility to excite and detect a magic echo in grossly inhomogeneous magnetic 
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fields was shown. The important feature of the magic echo is that it refocuses the 
single-quantum coherence evolution for a complex network of dipolar coupled 
nuclei. Moreover, the combination of the magic with the Hahn echo, namely the 
mixed echo is not sensitive to the inhomogeneities of the B0 magnetic field. The 
theory introduced shows, that under accordion like changes (expanding and 
compressing) of the magic sandwich, the residual van Vleck moments can be 
determined for a dipolar network in elastomers. The signal should be free from the 
disturbance of the transverse relaxation and B0 magnetic field inhomogeneities. 
The results presented are preliminary, a more detailed analysis in homogeneous, 
as well in inhomogeneous fields is required. In contrast to the method of 
multipolar spin states this method has the advantage that the signal-to-noise ratio 
is larger and the measurement time is much shorter. 
4. The structure/properties relation in elastomers can be elucidated by measuring 
the slow motions of the polymer chains. A procedure to measure spin-lattice 
relaxation times in the rotating frame was investigated using the NMR-MOUSE® 
[Wies4]. This procedure is able to avoid the delicate problem of volume selection 
present for the spin-lock sequence. Therefore, the access to quantitative values of 
T1 is given. The effect of cross-link density and elongation was analysed, as well 
as the anisotropy of chains in stretched elastomers.  
Summarizing, the results of this work will extend the range of applications of the 
mobile NMR sensor by providing qualitative and quantitative information about 
elastomers under various conditions. We extended the panoply of NMR parameters 
that can be used with the NMR-MOUSE® for establishing structure-property relations 
in materials. Moreover, there are promising perspectives for the characterization of 
tissue order in connective tissues, muscles and blood vessels with the aid of the 
NMR-MOUSE®.
 
 
 
 
 100
 
  
 
 
 
8 References 
[And] A.G. Anderson and S.R. Hartmann, Nuclear magnetic resonance in the 
demagnetized state, Phys. Rev. 128, 2023-2041 (1962). 
[Ba] Y. Ba, W. S. Veeman, Experimental detection of multiple-quantum coherence 
transfer in coupled spin solids by multi-dimensional NMR experiments, Solid State 
Nucl. Magn. Reson. 2, 131-141 (1993). 
[Bal] F. Balibanu, K. Hailu, R. Eymael, D. E. Demco, B. Blümich, Nuclear magnetic 
resonance in inhomogeneous magnetic fields, J. Magn. Reson. 145, 246-258 (2000). 
[Blü] . B. Blümich NMR Imaging of Materials, Clarendon Press, Oxford (2000). 
[Bow1] G. J. Bowden, W. D. Hutchison, Tensor operator formalism for multiple-
quantum NMR. 1. Spin-1 nuclei, J. Magn. Reson. 67, 403-414 (1986). 
[Bow2] G. J. Bowden, W. D. Hutchison, J. Khachan, Tensor operator formalism for 
multiple-quantum NMR. 2. Spin 3/2, 2, and 3/2 and general I, J. Magn. Reson. 67, 
415-437 (1986). 
[Brau] S.Braun, H.-O. Kalinowski and S. Berger, 150 and More Basic NMR 
Experiments, Willey-VCH, Weinhein, New York, 1998. 
[Bre1] M.G. Brereton, Macromolecules 22, 3667 (1989). 
[Bre2] M.G. Brereton, T. A. Vilgis, Macromolecules 23, 2044 (1990). 
[Brow] S. P. Brown, S. Wimperis, Extraction of homogeneous 23Na NMR linewidth 
from two-dimensional Jeener-Broekaert spectra, J. Magn. Reson. B 109, 291-300 
(1995). 
8   References 102 
[Call] P. T. Callaghan, E. T. Samulski, Molecular ordering and the direct 
measurement of weak proton-proton dipolar interactions in rubber network, 
Macromolecules 30, 113-122 (1997). 
[Car] S. A. Carss, U. Scheller, and R. K. Harris, Magn. Reson. Chem. 34, 62 (1996). 
[Carr] H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954). 
[Coh] J. P. Cohen Addad, NMR and fractal properties of polymeric liquids and gels, 
Prog. Nucl. Magn. Reson. Spec. 25, 1 (1993). 
[Dem] D.E. Demco, R. Kimmich, S. Haffner, H.-W. Weber, Spatially resolved 
homonuclear solid-state NMR. I. Slice selection by spin locking and localized spin 
temperature , J. Magn. Reson. 94, 317-332 (1991). 
[Dem1] D.E. Demco, S. Hafner, C. Fülber, R. Graf, and H.W. Spiess, Two-
dimensional magnetization-exchange NMR spectroscopy in cross-linked elastomers, 
J. Chem. Phys. 105, 11285-11296 (1999). 
[Dem2] D. E. Demco, Phys. Lett. 45A, 113 (1973). 
[Eid] . G. Eidmann, R. Savelsberg, P. Blümler, and B. Blümich, The NMR-MOUSE, a 
mobile universal surface explorer, J. Magn. Reson. A 122, 104-109 (1996). 
[Ernst] R. R. Ernst, G. Bodenhausen, A. Wokaun, Principles of Nuclear Magnetic 
Resonance in One and Two Dimensions, Clarendon, Oxford (1987). 
[Eva] J. N. S. Evans, Biomolecular NMR Spectroscopy, p.7, Oxford Univ. Press, 
Oxford, UK (1995). 
[Frie] H. Friebolin, Basic One- and Two-Dimensional NMR Spectroscopy”, Willey-
VCH, Weinhein, New York, 1993. 
[Fuk] E. Fukushima, A.R.T. Rath and S.B.W. Roeder, U.S. Patent 4721914, (1988). 
[Fuku] E. Fukushima, and S.B.W. Roeder, Experimental Pulse NMR: A Nuts and 
Bolts Approach”, Addison-Wesley, Reading, (1981). 
8   References 103
[Gas]  L. Gasper, D.E. Demco, and B. Blümich, Proton residual dipolar couplings by 
NMR magnetization-exchange in cross-linked elastomers: determination and 
imaging, Solid State Nucl. Magn. Reson. 14, 105-116 (1999). 
[Gott] J. Gottwald, D.E. Demco, R. Graf, and H.W. Spiess, High-resolution double-
quantum NMR spectroscopy of homonuclear spin pairs and proton connectivities in 
solids, Chem. Phys. Lett. 243, 314-323 (1995). 
[Gra] R. Graf, D.E. Demco, S. Hafner, and H.W. Spiess, Selective residual dipolar 
couplings in cross-linked elastomers by 1H double-quantum NMR spectroscopy, 
Solid State Nucl. Magn. Reson. 12, 139-152 (1998). 
[Gra1] S. L. Grage and A. S. Ulrich, J. Magn. Reson. 138, 98 (1999). 
[Gra2] S. L. Grage and A. S. Ulrich, J. Magn. Reson. 146, 81 (2000). 
[Gut1] G. Guthausen, A. Guthausen, F. Balibanu, R. Eymael, K. Hailu, U. Schmitz, B. 
Blümich, Macromol. Chem. Eng.,276/277 (2000) 25  37. 
[Gut2] A. Guthausen, Die NMR-MOUSE. Methoden und Anwendungen zur 
Charakterisierung von Polymeren, Dissertation, RWTH-Aachen, 1998. 
[Hahn] E. Hahn, Phys. Rev. 80, 580 (1950). 
[Hai] K. Hailu, T2 Anisotropy of strained and slightly cross-linked natural rubber, 
Annual Report 2000, ITMC Lehrstuhl für Makromolekulare Chemie. 
[Hak] R. Haken, B. Blümich, Anisotropy in tendon investigated in vivo by a portable 
NMR scanner the NMR-MOUSE, J. Magn. Reson. 144, 195-199 (2000). 
[Hal] T.K. Halstead, P.A. Osment, and B.C. Sanctury, J. Magn. Reson. 60, 382 
(1984). 
[Har] R. K. Harris and P. Jackson, Chem. Rev. 91, 1427 (1990). 
[Jeen] J. Jeener, P. Broekaert, Nuclear magnetic resonance in solids: 
Thermodynamic effects of a pair of radio-frequency pulses, Phys. Rev. 157, 232-245 
(1967). 
8   References 104 
[Karls] T. Karlsson, A. Brinkmann, P. J. E. Verdegem, J. Lugtenburg, M. H. Levitt, 
Multiple-quantum  relaxation in the magic-angle-spinning NMR of 13C spin pairs, 
Solid State Nucl. Magn. Reson. 14, 43-58 (1999). 
[Kemp1] R. Kemp-Harper, S. Wimperis, Detection of the interaction of sodium ions 
with ordered structures in biological systems. Use of the Jeener-Broekaert 
experiment, J. Magn. Reson. B 102, 326-331 (1993). 
[Kemp2] R. Kemp-Harper, B. Wickstead, S. Wimperis, Sodium ions in ordered 
environments in biological systems: Analysis of 23Na NMR spectra, J. Magn. Reson. 
140, 351-362 (1999). 
[Kimm] R. Kimmich, NMR, Tomography, Diffusometry, Relaxometry, Springer-
Verlag, Berlin, Heidelberg, New York (1997). 
[Klei] R. L. Kleinberg. Encyclopedia of Nuclear Magnetic Resonance, Vol. 8, Ch. 
Well Logging, pp. 4960, Willey, Chichester (1996). 
[Klin1] M. Klinkenberg, P. Blümler, B. Blümich, Macromolecules 30, 1038 (1997). 
[Klin2] M. Klinkenberg, P. Blümler, B. Blümich, J. Magn. Reson. A119, 197 (1996). 
[Kühn] H. Kühn, M. Klein, A. Wiesmath, D. E. Demco, B. Blümich, J. Kelm, P.W. 
Gold, The NMR-MOUSE®: quality control of elastomers, Magn. Reson. Imag. 19, 497 
(2001). 
[Liz] M. J. Lizak, T. Gullion, M.S. Conradi, J. Magn. Reson. 91, 254 (1991). 
[Mans] P. Mansfield, Prog. NMR Spectr. 8, 41 (1971). 
[Mat] S. Matsui, Chem. Phys. Lett. 179, 187 (1991). 
[McDo] P. J. McDonald, Prog. NMR Spectr. 30, 69 (1997). 
[Meib] S. Meiboom and D. Gill, Rev. Sci. Instrum. 29, 688 (1958). 
[Mill] J. M. Miller, Prog. NMR. Spectr. 28, 255 (1996). 
[Mos] Y. N. Moskvich, N.A. Sergeev, E.I. Dotsenko, Phys. Status Solidi A 30, 409 
(1975). 
8   References 105
[Mun] M. Munowitz, A. Pines, Principles and applications of multiple-quantum NMR, 
Adv. Chem. Phys. 66, 1-152 (1987). 
[Pak] G. E. Pake, J. Chem. Phys. 16, 327 (1948). 
[Rhim] W. K. Rhim, A. Pines, J. S. Waugh, Phys. Rew. B3, 684 (1971). 
[Roll] W. L. Rollwitz, Agricultural Eng. 66, 12 (1985). 
[Rom1] E. Rommel and R. Kimmich, J. Magn. Reson. 83, 299 (1989). 
[Rom2] E. Rommel and R. Kimmich, Bull. Magn. Reson. 11, 169 (1989). 
[Rud] T. N. Rudakov, A. V. Belyakov, V. T. Mikhaltsevich, Meas. Sci. Technol. 8, 444 
(1997). 
[Schn1] M. Schneider, L. Gasper, D. E. Demco, B. Blümich, Residual dipolar 
couplings by 1H dipolar encoded longitudinal magnetization, double- and triple-
quantum nuclear magnetic resonance in cross-linked elastomers, J. Chem. Phys. 
111, 402-415 (1999). 
[Schn2] M. Schneider, D. E. Demco, B. Blümich, 1H NMR imaging of residual dipolar 
couplings in cross-linked elastomers: Dipolar-encoded longitudinal magnetization, 
double-quantum, and triple-quantum filters, J. Magn. Reson. 140, 432-441 (1999). 
[Schn3] M. Schneider, D. E. Demco, B. Blümich, NMR images of proton residual 
dipolar coupling from strained elastomers, Macromolecules 34, 4019-4026 (2001). 
[Schn4] H. Schneider, H. Schmiedel, Phys. Lett. 30A, 298 (1969). 
[Sot1] P. Sotta, B. Deloche, Uniaxiality induced in a strained poly(dimethylsiloxane) 
network, Macromolecules 23, 1999-2007 (1990). 
 [Sot2] P. Sotta, C. Fülber, D.E. Demco, B. Blümich, and H.W. Spiess, Effect of 
residual dipolar interactions on the NMR relaxation in cross-link elastomers, 
Macromolecules, 29, 6222-6230 (1996). 
[Tyc] R. Tycko, Selection rules for multiple-quantum NMR excitation in solids: 
Derivation from time-reversal symmetry and comparison with simulations and 13C 
NMR experiments, J. Magn. Reson. 139, 302-307 (1999). 
8   References 106 
[Wies1] A. Wiesmath, C. Filip, D. E. Demco, B. Blümich, Double-quantum filtered 
NMR signals in inhomogeneous magnetic fields, J. Magn. Reson. 149, 258-263 
(2001). 
[Wies2] A. Wiesmath, C. Filip, D. E. Demco, B. Blümich, NMR of multipolar spin 
states excited in strongly inhomogeneous magnetic fields, J. Magn. Reson. 
submitted. 
[Wies3] A. Wiesmath, R. Fechete, D. E. Demco, B. Blümich, Residual van Vleck 
moments by accordion magic echo, in preparation. 
[Wies4] A. Wiesmath, R. Fechete, D. E. Demco, B. Blümich, Integral dispersion of 
rotating frame spin-lattice relaxation time in strongly inhomogeneous magnetic fields , 
in preparation. 
  
 
 
 
Appendix 
New pulse programs 
A1. double_q_xy.app 
 
#   pulse sequence   # 
 
count = 0; 
while(tau < tau_end) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);   
    ssp(pl,ph90,att1); #90x#  
    sd(tau-pl/1000);   
    ssp(pl,ph18,att2); #180-x#  
    sd(tau-pl/1000); 
    ssp(pl,ph90,att1); #90x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph17,att2); #180-x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph89,att1); #90y#  
    sd(tau-pl/1000);   
    ssp(pl,ph17,att2); #180-y#  
    sd(tau-pl/1000); 
    ssp(pl,ph89,att1); #90y#  
    sd(t0-pl/1000); 
    ssp(pl,ph88,att1); 
    sd(tau1-pl/1000); 
    ssp(pl,ph16,att2); 
    sd(tau1-acq/2+2/1000);  
    cta; 
    adi(acq,acq*1500,phrc);  
 endpulses; 
 
#arrays for phase cycling# 
 
ph90[ 0]=0;ph18[ 0]= 180; ph17[ 0] = 270; ph89[ 0] =  90; ph88[ 0] =   
0; ph16[ 0] =  90; phrc[ 0]=  90;  
ph90[ 1] =  90; ph18[ 1] = 270; ph17[ 1] = 270; ph89[ 1] =  90; ph88[ 
1] =   0; ph16[ 1] =  90; phrc[ 1] =  270; 
ph90[ 2] = 180; ph18[ 2] =   0; ph17[ 2] = 270; ph89[ 2] =  90; ph88[ 
2] =   0; ph16[ 2] =  90; phrc[ 2] =  90;  
ph90[ 3] = 270; ph18[ 3] =  90; ph17[ 3] = 270; ph89[ 3] =  90; ph88[ 
3] =   0; ph16[ 3] =  90; phrc[ 3] =  270;  
ph90[ 4] =   0; ph18[ 4] = 180; ph17[ 4] = 270; ph89[ 4] =  90; ph88[ 
4] =  90; ph16[ 4] =   0; phrc[ 4] = 180;  
ph90[ 5] =  90; ph18[ 5] = 270; ph17[ 5] = 270; ph89[ 5] =  90; ph88[ 
5] =  90; ph16[ 5] =   0; phrc[ 5] = 0;  
ph90[ 6] = 180; ph18[ 6] =   0; ph17[ 6] = 270; ph89[ 6] =  90; ph88[ 
6] =  90; ph16[ 6] =   0; phrc[ 6] = 180;  
ph90[ 7] = 270; ph18[ 7] =  90; ph17[ 7] = 270; ph89[ 7] =  90; ph88[ 
7] =  90; ph16[ 7] =   0;  phrc[ 7] = 0;  
ph90[ 8] =   0; ph18[ 8]= 180; ph17[ 8] = 270; ph89[ 8] =  90; ph88[ 8] 
= 180; ph16[ 8] =  90; phrc[ 8] = 270;  
ph90[ 9] =  90; ph18[ 9] = 270; ph17[ 9] = 270; ph89[ 9] =  90; ph88[ 
9] = 180; ph16[ 9] =  90; phrc[ 9] = 90;  
ph90[10] = 180; ph18[10] =   0; ph17[10] = 270; ph89[10] =  90; 
ph88[10] = 180; ph16[10] =  90; phrc[10] = 270;  
ph90[11] = 270; ph18[11] =  90; ph17[11] = 270; ph89[11] =  90; 
ph88[11] = 180; ph16[11] =  90; phrc[11] = 90;  
ph90[12] =   0; ph18[12] = 180; ph17[12] = 270; ph89[12] =  90; 
ph88[12] = 270; ph16[12] =   0; phrc[12] =   0;  
ph90[13] =  90; ph18[13] = 270; ph17[13] = 270; ph89[13] =  90; 
ph88[13] = 270; ph16[13] =   0; phrc[13] = 180;  
ph90[14] = 180; ph18[14] =   0; ph17[14] = 270; ph89[14] =  90; 
ph88[14] = 270; ph16[14] =   0; phrc[14] =   0;  
ph90[15] = 270; ph18[15] =  90; ph17[15] = 270; ph89[15] =  90; 
ph88[15] = 270; ph16[15]=   0; phrc[15] = 180;  
ph90[16]= REDO; ph18[16]= REDO; ph17[16]= REDO; ph89[16]= 
REDO; ph88[16] = REDO;ph16[16] = REDO; phrc[16] = REDO;  
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A2. double_q_max_xy.app 
 
#   pulse sequence   # 
 
count = 0; 
while(tau < tau_end) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);   
    ssp(pl,ph90,att1); #90x#  
    sd(tau_max-pl/1000);   
    ssp(pl,ph18,att2); #180-x#  
    sd(tau_max-pl/1000); 
    ssp(pl,ph90,att1); #90x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph17,att2); #180-x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph89,att1); #90y#  
    sd(tau_max-pl/1000);   
    ssp(pl,ph17,att2); #180-y#  
    sd(tau_max+tau-pl/1000); 
    ssp(pl,ph17,att2); #180-y#  
    sd(tau-pl/1000);   
    ssp(pl,ph89,att1); #90y#  
    sd(t0-pl/1000); 
    ssp(pl,ph88,att1); 
    sd(tau1-pl/1000); 
    ssp(pl,ph16,att2); 
    sd(tau1-acq/2+2/1000);  
    cta; 
    adi(acq,60,phrc);  
 endpulses; 
 
#arrays for phase cycling# 
 
ph90[ 0]=0;ph18[ 0]= 180; ph17[ 0] = 270; ph89[ 0] =  90; ph88[ 0] = 
0; ph16[ 0] =  90; phrc[ 0]=  90;  
ph90[ 1] =  90; ph18[ 1] = 270; ph17[ 1] = 270; ph89[ 1] =  90; ph88[ 
1] =   0; ph16[ 1] =  90; phrc[ 1] =  270; 
ph90[ 2] = 180; ph18[ 2] =   0; ph17[ 2] = 270; ph89[ 2] =  90; ph88[ 
2] =   0; ph16[ 2] =  90; phrc[ 2] =  90;  
ph90[ 3] = 270; ph18[ 3] =  90; ph17[ 3] = 270; ph89[ 3] =  90; ph88[ 
3] =   0; ph16[ 3] =  90; phrc[ 3] =  270;  
ph90[ 4] =   0; ph18[ 4] = 180; ph17[ 4] = 270; ph89[ 4] =  90; ph88[ 
4] =  90; ph16[ 4] =   0; phrc[ 4] = 180;  
ph90[ 5] =  90; ph18[ 5] = 270; ph17[ 5] = 270; ph89[ 5] =  90; ph88[ 
5] =  90; ph16[ 5] =   0; phrc[ 5] = 0;  
ph90[ 6] = 180; ph18[ 6] =   0; ph17[ 6] = 270; ph89[ 6] =  90; ph88[ 
6] =  90; ph16[ 6] =   0; phrc[ 6] = 180;  
ph90[ 7] = 270; ph18[ 7] =  90; ph17[ 7] = 270; ph89[ 7] =  90; ph88[ 
7] =  90; ph16[ 7] =   0;  phrc[ 7] = 0;  
ph90[ 8] =   0; ph18[ 8]= 180; ph17[ 8] = 270; ph89[ 8] =  90; ph88[ 8] 
= 180; ph16[ 8] =  90; phrc[ 8] = 270;  
ph90[ 9] =  90; ph18[ 9] = 270; ph17[ 9] = 270; ph89[ 9] =  90; ph88[ 
9] = 180; ph16[ 9] =  90; phrc[ 9] = 90;  
ph90[10] = 180; ph18[10] =   0; ph17[10] = 270; ph89[10] =  90; 
ph88[10] = 180; ph16[10] =  90; phrc[10] = 270;  
ph90[11] = 270; ph18[11] =  90; ph17[11] = 270; ph89[11] =  90; 
ph88[11] = 180; ph16[11] =  90; phrc[11] = 90;  
ph90[12] =   0; ph18[12] = 180; ph17[12] = 270; ph89[12] =  90; 
ph88[12] = 270; ph16[12] =   0; phrc[12] =   0;  
ph90[13] =  90; ph18[13] = 270; ph17[13] = 270; ph89[13] =  90; 
ph88[13] = 270; ph16[13] =   0; phrc[13] = 180;  
ph90[14] = 180; ph18[14] =   0; ph17[14] = 270; ph89[14] =  90; 
ph88[14] = 270; ph16[14] =   0; phrc[14] =   0;  
ph90[15] = 270; ph18[15] =  90; ph17[15] = 270; ph89[15] =  90; 
ph88[15] = 270; ph16[15]=   0; phrc[15] = 180;  
ph90[16]= REDO; ph18[16]= REDO; ph17[16]= REDO; ph89[16]= 
REDO; ph88[16] = REDO;ph16[16] = REDO; phrc[16] = REDO;  
 
 
 
 
 
 
 
 
 
Appendix. Pulse programs 109
A3. dip_ord_yz.app 
 
#   pulse sequence   # 
 
count = 0; 
while(tau < tau_end) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);   
    ssp(pl,ph90,att1); #90x#  
    sd(tau-pl/1000);   
    ssp(pl,ph18,att2); #180-x#  
    sd(tau-pl/1000); 
    ssp(pl,ph91,att3); #45y#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph17,att2); #180-x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph92,att3); #45y#  
    sd(tau-pl/1000);   
    ssp(pl,ph17,att2); #180-x#  
    sd(tau-acq/2+2/1000);  
    cta; 
    adi(acq,acq*1000,phrc);  
  endpulses; 
 
A4. magic_echo.app 
 
#   pulse sequence   # 
 
count = 0; 
while(tau < tau_end) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);   
    ssp(pl,ph90,att1); #90x#  
    sd(tau-pl/1000);   
    ssp(pl,ph18,att2); #180-x#  
    sd(tau-pl/1000); 
    ssp(pl,ph91,att3); #45y#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph17,att2); #180-x#  
    sd(0.5*t1-pl/1000); 
    ssp(pl,ph92,att3); #45y#  
    sd(tau-pl/1000);   
    ssp(pl,ph17,att2); #180-x#  
    sd(tau-acq/2+2/1000);  
    cta; 
    adi(acq,acq*1000,phrc);  
  endpulses; 
 
#arrays for phase cycling# 
 
ph90[ 0] =  0; ph90a[ 0] = 90; phl[ 0] = 180; 
ph90b[ 0] = 270; phrc[ 0] = 90;  
ph90[ 1] = 90; ph90a[ 1] =180; phl[ 1] = 
270; ph90b[ 1] =   0; phrc[ 1] =180;  
ph90[ 2] =180; ph90a[ 2] =270; phl[ 2] = 0; 
ph90b[ 2] =  90; phrc[ 2] =270;  
ph90[ 3] =270; ph90a[ 3] =  0; phl[ 3] =  90; 
ph90b[ 3] = 180; phrc[ 3] =  0;  
ph90[ 4] = REDO; ph90a[ 4] = REDO; phl[ 
4] = REDO; ph90b[ 4] = REDO; phrc[ 4] = 
REDO; 
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A5. mixed_echo_acordeon.app 
 
#   pulse sequence   # 
 
count = 0; 
while(tau > tau_end) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);    
    ssp(pl,ph90,att1); 
    sd(0.3-tau-pl/1000); 
    ssp(pl,ph90a,att1); 
 ssp(1000*tau,ph90,att2); 
    ssp(1000*tau,phl,att2); 
    ssp(pl,ph90b,att1); 
 sd(0.3-tau-acq/2+2/1000);  
 cta; 
    adi(acq,acq*1000,phrc);  
 endpulses; 
 
#arrays for phase cycling# 
 
ph90[ 0] =  0; ph90a[ 0] = 90; phl[ 0] = 180; 
ph90b[ 0] =  90; phrc[ 0] = 90;  
ph90[ 1] = 90; ph90a[ 1] =180; phl[ 1] = 
270; ph90b[ 1] = 180; phrc[ 1] =180;  
ph90[ 2] =180; ph90a[ 2] =270; phl[ 2] =   0; 
ph90b[ 2] = 270; phrc[ 2] =270;  
ph90[ 3] =270; ph90a[ 3] =  0; phl[ 3] =  90; 
ph90b[ 3] =   0; phrc[ 3] =  0;  
ph90[ 4] = REDO; ph90a[ 4] = REDO; phl[ 
4] = REDO;  
ph90b[ 4] = REDO; phrc[ 4] = REDO; 
 
A6. spin_lock_new.app 
 
#   pulse sequence   # 
 
 
count = 0; 
while(tauSL < tau_endSL) 
 mark(-1,1,0); 
 pulses; 
    sd(get_rd*1000);    
    ssp(pl,ph90,10); 
    ssp(tauSL*1000,ph18,attSL); 
 sd(tau-pl/1000); 
    ssp(pl,ph18,5); 
    sd(tau-acq/2);  
    cta; 
    adi(acq,acq*1000,phrc);  
 endpulses; 
 
#arrays for phase cycling# 
 
ph90[ 0]=   0; ph18[ 0]=  90;phrc[ 0]=  90; 
# x y y # 
ph90[ 1]=  90;ph18[ 1]=   0;phrc[ 1]= 180; # 
y x -x# 
ph90[ 2] = 180;ph18[ 2]=  90;phrc[ 
2]= 270; #-x y -y# 
ph90[ 3] = 270;ph18[ 3]=   0;phrc[ 
3]=   0; #-y x x # 
ph90[ 4]= REDO;ph18[ 4]= REDO;phrc[ 4]= 
REDO; 
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